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Figure 10 : Anatomie et histologie du testicule. A. Représentation schématique de la structure interne du
testicule. Le testicule est recouvert d’une capsule conjonctive épaisse, l’albuginée. Celleci le découpe en
lobules, renfermant chacun plusieurs dizaines de tubes séminifères entourés du tissu interstitiel. B.
Représentation schématique et coupe histologique du testicule L’épithélium séminifère est constitué des.
cellules de Sertoli et des différents stades de différenciation des cellules germinales. L’espace interstitiel
renferme les cellules de Leydig et les cellules immunitaires, et est traversé par des vaisseaux sanguins et
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Figure 11 : La différenciation du testicule chez la souris. Les gonades se forment au cours de la première moitié
de la gestation sur la face ventrale du mésonéphros, à partir d’un épaississement de l’épithélium cœlomique.
l lé ê é i l éb h di èd è bi i l diffé i iA ors appe es cr tes g n ta es, ces auc es gona ques poss ent un caract re potent e . La renc at on
testiculaire débute à 10,5 jours postcoïtum avec l’expression transitoire du gène Sry dans les précurseurs des
cellules de Sertoli. Sry induit l’expression de Sox9 qui sera maintenue à un niveau élevé grâce à la mise en place
de plusieurs boucles de régulation. Sox9 est responsable d’une part de l’activation de l’expression de gènes
impliqués dans la différenciation des types somatiques du testicule, et d’autre part de l’inhibition de l’expression
de la signalisationWnt4/RSPO1 impliquée dans le développement ovarien.
Sry : Sex determination Region on Y chromosome ; Sox9 : Sryrelated HMG box 9 ; Fgf9 : Fibroblast Growth Factor
9 ; Wnt4 : Winglesstype MMTV integration site family, member 4 ; Rspo1 : RSpondin1 ; Amh : AntiMüllerian
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Figure 12 : Représentation schématique de la spermatogenèse. La spermatogenèse est divisée en trois phases,
h té i é t d i l ti li L t i ’ lifi t it ic acune carac r s e par un s a e germ na par cu er. es sperma ogon es s amp en par m oses success ves
au cours de la phase proliférative, avant de se différencier en spermatocytes primaires préleptotènes. Ces
derniers subiront les deux divisions méiotiques (réductionnelle puis équationnelle), aboutissant à la formation
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Ckit Sox3+ Ngn3+ Ecah+
Indifférenciées
Ckit+ Sox3 Ngn3 Ecah
Figure 13 : La phase proliférative de la spermatogenèse. A. Représentation schématique de la phase
proliférative de la spermatogenèse. La spermatogenèse repose sur une population de cellules germinales
souches, les spermatogonies de type As. Elles ont la capacité de s’autorenouveler, maintenant ainsi un pool de
cellules As, ou de se différencier en progéniteurs qui s’engageront dans la voie de différenciation germinale.
Ceuxci s’amplifient par mitoses, donnant naissance à une chaîne de 2 (spermatogonies Apr) puis 4, 8 et 16
(spermatogonies Aal) cellules filles. Les spermatogonies Aal se différencient alors en spermatogonies de type A1
qui subiront 6 divisions mitotiques supplémentaires et se différencieront à leur tour en spermatogonies A2, A3,
A4, intermédiaire puis B pour former les spermatocytes préleptotènes qui subiront la méiose. B. Diagramme
reflétant le profil d’expression de marqueurs de différenciation des spermatogonies. On distingue les
spermatogonies indifférenciées (As, Apr, Aal) des spermatogonies différenciées (A1,A2, A3, A4, intermédiaire et B)
en fonction de l’expression des marqueurs de différenciation ckit, Sox3, Ngn3 et Ecadh (Barroca et al., 2008).
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Figure 14 : Représentation schématique de la méiose. La méiose consiste en la formation de quatre cellules
filles haploïdes à n chromosomes simples (spermatides) à partir d’une cellule mère diploïde à 2n chromosomes à
deux chromatides (spermatocyte I). Elle est le résultat de deux divisions successives, chacune décomposée en
cinq phases : prophase, métaphase, anaphase, télophase et cytodiérèse. La prophase de la première division est
particulièrement longue, et est marquée par la recombinaison homologue qui permet le brassage de
l’information génétique. La première division, dite réductionnelle, permet la formation des spermatocytes II à n
chromosomes à deux chromatides. Chacune d’elle sera répartie dans les deux spermatides issues de la
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Figure 15 : La spermiogenèse. La spermiogenèse est le processus de différenciation terminale de la
spermatogenèse aboutissant à la formation de spermatozoïdes allongés à partir de spermatides rondes. Elle est
caractérisée par plusieurs changements biochimiques et morphologiques progressifs majeures de la cellule
germinale. Les histones sont remplacées par des protéines de transition, puis par les protamines conduisant à la
compaction de la chromatine et la condensation du noyau. L’acrosome se forme à partir de l’appareil de Golgi et
i t l ti L t i l di t l ’ ll f l’ è i t lrecouvre progress vemen e noyau sperma que. e cen r o e s a e s a onge pour ormer axon me, qu es a
structure axiale du flagelle et le véritable moteur du spermatozoïde. Les mitochondries se regroupent autour de
la partie proximale de l’axonème, pendant que le cytoplasme migre du pôle céphalique vers le pôle caudal du
futur spermatozoïde le long du flagelle en croissance. Il sera éliminé sous la forme de corps résiduels ensuite
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Voie ∆5 Voie ∆4
Figure 16 : Voies de biosynthèse des stéroïdes testiculaires. Dans les cellules de Leydig, la synthèse de
testostérone à partir du cholestérol est assurée par deux voies possibles : la voie ∆5 et la voie ∆4. La voie ∆5 est
majoritaire chez l’Homme car l’enzyme CYP17A1 a une faible activité 17,20 lyase pour la conversion de la 17α-
hydroxyprogestérone en androstènedione. A l’inverse, la voie ∆4 est majoritaire chez la souris.
Star : Steroidogenic Acute Regulatory protein ; Pbr : Peripheral-type Benzodiazepine Receptor ; Cyp11a1
(P450scc) : cytochrome P450 side-chain cleavage ; 3βHsd : 3β-Hydroxysteroid Dehydrogenase ; Cyp17a1 :
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Figure 17 : Différents niveaux de contrôle de l’axe HypothalamoHypophysoGonadique. La sécrétion des
gonadotropines hypophysaires Lh et Fsh est sous la dépendance de la Gnrh synthétisée et sécrétée par
l’Hypothalamus. La Lh agit directement sur les cellules de Leydig, permettant la production des stéroïdes sexuels
qui exercent en retour un rétrocontrôle négatif sur leur propre synthèse en inhibant la synthèse hypothalamique
de Gnrh et hypophysaire de la Lh et la Fsh. La Fsh gouverne les fonctions des cellules de Sertoli, en particulier la
libération d’activine et d’inhibine, exerçant respectivement un contrôle positif et négatif sur l’axe Hypothalamo
Hypophysaire.
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Figure 18 : Profil de sécrétion de la testostérone au cours de la vie d’un Homme et fonctions associées. Au
cours du développement embryonnaire, les cellules de Leydig fœtales sont responsables d’un premier pic
sécrétoire d’androgènes à l’origine de la masculinisation du tractus urogénital et de l’apparition des caractères
sexuels primaires. Au moment de la puberté, l’augmentation de la pulsatilité de la GnRH est responsable d’un
nouveau pic de synthèse des androgènes par les cellules de Leydig. Il permet le développement des caractères
sexuels secondaires (apparition de la pilosité, augmentation de la masse musculaire, croissance osseuse) et
l’initiation de la spermatogenèse. Chez l’adulte, le maintien des concentrations de testostérone est
indispensable à l’entretien des cycles de spermatogenèse, ainsi qu’au maintien de la fonction des organes
différenciés du tractus génital (prostate, épididyme, vésicule séminale). La testostérone possède également un


























[  _ _ +	? ?  
	] 
  	^   
?
   	







  	 
?] ? 
  ] 
 	?










































   
  	
? 


























  X	?  	


















	?  _ 
 ?












   	




































_   	







 ?   	? 
  		\



















































  	] 
  	 	











 +* &?? 
  		  









 	+  	    	? 	





   	    	?  	 ] w  
 
	














] ~~~~[    _
 	

   ??


_  ~_~  ~ 
X~ 	~ 
~
    	] 	
	
	  
	^   	?
][ "

  	 
  ] 
  	  

 _?
   	
 
X 	  

 	? @ #X~
	
	 %> #-{~ "X " #X~ 
 !	















	  ] 
  ?	_	 ?
























	  	   	

 	




















































































































    

 ] `  } 	 
 _  ?
 w ` 

 w  	
  ?	   		
 w 
  
   
	?[ "
  	]    	
	 






























































































































	^	 	 		 X















_ 	  
 	  ] 
































   	  






























  ?	   	? 









  ?	 
  
	 }~}~
~[ " 	  	
	  	 
     !	
 ?  



































  ] 
 	  ?
 

















    !	




	     ?



























   
	
	 









   	?]	 	


























































































   +  	?
    !	
 















































   		[ "
	\
 	  		 
  	







  	  
	X	  	    





















     "X[ " 	
 
	  _ 
























































































































$]:"$&# "&#$$  *( #  $  $!&#   $ "0> &$&   $ &? ! #
&#&#"0&$&=,"$ "! !:## #&#*0&$  ^5+$ &# !=# 
$]&#$ #$ &#  &!_*(:&:#$: #"$ 7&#&# 












  ] 
 <	Z  




































@;}  	? @%   !	
~  















































































































































 	   	  
	   	











	 ??		 >	 
  
	
 	  	















































































































   ! "

  #$ "























 " 8  & 96'- 6   /	699  :; 4$3<8=0
4-







+ '-*-*  6('@/%4$3888+	6 $4'4-
,
2A"#4$"> 9% &   %	2 6 "/2  #629* 46$   $
2   	= 66 <8>86=	+'B$4-
3
2    6C 6%% -6	 6	! -*& 4'	 ' 2 4-	 ! 6C C
--2+($8,2D E	'
	
	-'4F	 '4 	 !2 2*!26	6%!9 6%22.

	  
 " 8 + "
 3? +	6  "/2   &








































Bile acids have recently been 
demonstrated as molecules with 
endocrine activities controlling several 
physiological functions such as immunity 
and glucose homeostases. They act 
mainly through two receptors, the nuclear 
receptor Farnesoid-X-Receptor alpha 
(FXR) and the G-protein coupled 
receptor (TGR5). Interestingly, it has 
been described that FXR is expressed in 
the sterodogenic tissues, where it seems to 
control steroid production. In addition, 
FXR also participates in steroid 
catabolism in the liver and interferes with 
the steroid signaling pathways in target 
tissues via crosstalk with steroid 
receptors. Although FXR is expressed 
within the testes, the potential effect of 
BAs on testis physiology and male fertility 
has not been explored so far. Here, we 
demonstrate that mice invalidated for the 
gene encoding FXR fed a diet 
supplemented with cholic acid have 
reduced fertility subsequent to testicular 
defects. In this context, BA exposure 
mainly affects germ cell survival. The 
present study suggests that in the absence 
of FXR BA must act through PXR 
signaling pathways to mediate deleterious 
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The nuclear receptor Small Heterodimer Partner 
(SHP) have been demonstrated to control sexual 
maturation in male mice [1]. SHP is a known target 
gene of the nuclear bile acid receptor Farnesol-X-
-9 6$N:4FN;.(6D/ *96  	6	26C
on male sexual maturation have never been studied so 
C.  2 %	! B9 	 6'	2 6C 	/ P!
show altered puberty with primary hypogonadism [2]. It 
is known that such conditions of liver disorders lead to 
-2'=	-'	/	2.O*!96 *2E' * 2-6	'
alter male sexual maturation during puberty via4FN.
Puberty is a key event for the establishment of 
male reproductive functions. Puberty depends on the 
increase of testosterone levels which is under the control 
of the hypothalamo-pituitary axis activity. This leads to 
 *   6 6C 2-6'! 2B	 -*- 2 -2  *
establishment and the maintenance of spermatogenesis 
and then fertility [3].
 *92 2 '!D2 	!E' *9- 
6C 9= 	 $B962 6  2 -	 9*!26	6%!. 
6'  6 '-9*  * /6	/' 6	-	 -*22
we used a classical approach with diet supplemented 
D *  :-*6	- -' 8.,R; ^_. O '62    * 
pubertal mice fed a diet supplemented with cholic acid 
:+; */ 	 ' C 	 ! 226- ' D * 'C	  
germ cell differentiation correlated with an increased 
rate of spermatocytes apoptosis. We have validated that 
 *2CC- 26 ' '=!,.*22' 6
altered testosterone synthesis. Surprisingly these impacts 




























we pinpoint that the gene encoding the nuclear receptor 
Dax-1:'62%$22 /2B/2	'	*!969	2
- -	%66-*6626F%$;92266C
2 6'6%22'	 ' 6(2 % 6C4FN.

66/ D ''  P6 9-  6C $B962
explaining the impact on testicular endocrine function. 
''  //6 '  / 6 996-*2 '62  '
 * 4FN- / 6'-22!'%-		222 / !
to the hypothalamo-pituitary axis signaling. Using 
pharmacological experiments we have established that 
 * CC-  6C 2 2 	! '  6  *  2-9 6	
repression of the gene encoding the luteinizing hormone 
-9 6 :*-%;.  	/	2  -2' '% 	/
'222 *2 *22	 2-6= 6D *9/62
2 '!'	 *%*	%*  *-69	B !6C * - 6
between the liver and testicular functions throughout 
lifetime.
RESULTS
Dietary BA supplementation alters male fertility
6' C!	K2= D9= 	$B962
'	C 	 !-DC'6	-6 6	' 
299	 'D *8.,R6C-*6	--':+;.+$' 
	' 6	 'C 	 !D *38R6C *B962'	2
=	  6 %/ 96%! :4% ;.  	2 %/%
96%2+$' 	26'-2' *=6C992
9	  :4%;.*-6= 66C *-2
of sterile males and decrease of pups per litter resulted 
  38R '-2 6C  * = 6C 992 % '
=! +$B962' 	2 -69  6 -6 6	$'  %69
(Figure 1C). This decreased fertility was associated with 
a lower production of spermatozoa as revealed by the 
counting of sperm number in the epididymis head and 
tail (Figure 1D).
BA-diet alters postnatal growth
* 9-  6C $'  6 C 	 ! 2 226- '
with altered postnatal growth as mice exposed to 
+$' 92 	6DD%* %2  %,'!2C 
 *=%%6C *   :4%;.+$B962'
	22*6D''-'=6'!	% *:4%;.(6D/
the overall food intake was not altered (Figure 2C). The 
altered postnatal growth during this pubertal period 
CC- 2	% 	 - D *	6DD%* % 2 2
9''!2'2	2:4%;D*2 *	/
D%* D26 CC- ':4%;.'' 6 2 
be noticed that the liver weight relative to body weight 
D2 -2' 2%%2 % 	/ P! :99	 !
4%;ID*-*2-622  D *	  66C%2
2-* 2 +!9, ' 	  :99	 ! 4%
;' *-26C9	2	/	2C ,'!2
6C+$' B962:4%;.4%D%* 2
92 'D *-*6D$' %692C-:88R;
at particular age. It has to be noticed that organ gross 
weights increased during postnatal development (between 
, '!2 962 $    :'9 ; ' '9 ;  * -2 2
	22966-'+$'   '-:99	 !
4%+;D*-*22 '  * 9- 6C+$' 6
%	6=	962  	%6D *.'' 6D%* 2	 / 6
body weight of epididymis and seminals was also affected 
(Supplementary Figure S2D).
Figure 1: Pubertal exposure to BA alters male fertility. A. Percentage of infertile males. B. Number of pups per litter. C. Total 
number of pups obtained per group. D.9-6  *9''!2*'' 	6C-6 6	6+C'%692C6'!2.		6C *
9	2' B922'2 *2Y




























Pubertal BA-exposure alters germ cell survival
(2 6	6%-	 	!22 6C  2 2 2*6D'  *  $
exposed mice showed altered germ cell differentiation as 
visualized with a decrease in the number of seminiferous 
 =	2D *	6% '29 '-		2:4%;.
	!22 6C  * B9226 6C 9$6 - :Plzf G9a, 
Stra8), meiotic (Dmc1Mei1) and post-meiotic (Prm2) 
genes showed peculiar kinetic of events. Consistent with 
 *6=2/''-26C962 $6 --		2 '9 :'!
post beginning of the treatment) the expression of Prm2 
D2	6D+$  '%69-69 6-6 6	%69
(Figure 3C). Interestingly at this age the pre-meiotic and 
meiotic genes were not affected at that age (Supplementary 
4%;.*2'	!%-		'CC  6D2
correlated with an early apoptotic wave of germ cells 
C ,$'!26C+$' :4%;.*2969 6 -
D/D2 2 2 $'!2C  *=%%6C
the treatment no more difference was observed between 
%692:4%;.-6 2 ,'!2C  *=%%
6C  *      *  *  --	 6 6C
pre-meiotic and meiotic genes such as PlzfG9aStra8
Dmc1 and Mei16  *962 6 -%D
2%- 	!CC- '=!  *+$'  :4%4;.*2
the altered meiosis process was not due to the altered 
expression of key meiotic genes such as Stra-8 and Dmc1.
BA-diet induces germ cell death via alteration of 
testosterone metabolism
Germ cell death has previously been associated 
D * '6% D *'D	 ^,_.  2 %	!
+$B962'	2 C6,'!22*6D''-26C
 $ 2 -		/	26C 2 62 6:4%;.*2
was associated with a decrease of the Steroidogenic 
acute regulatory protein (Star)  --	 6
  2 2 6C +$B962' - -69  6 -6 6	
%69 :4% ;. 6 2  2 -		! 2%-  CC- 
D2 C6' 6  2 62 6 	/	2 C   '!2 6C
+$'  :99	 ! 4% ; D*2
2   --	 6 D2 2 		 '-2  +$
exposed males (Supplementary Figure S2C). The 
involvement of testosterone decrease in germ cell 
death was sustained by the fact that supplementation 
D * 2 62 6-6 - ' *CC- 6C+$' 6
%-		969 622:4%+;.6' 6'-9*C
testosterone impacted per se germ cell physiology or 
if it could act via  26 E 6  62 '6	D
2 ''  * 2 6%- 2%	% 9 *D!2 D*-* 
K6D%	 626C2 6'6%22!'%-		2^3_
[7]. Intra-testicular levels of estradiol were not affected 
=!+$' C ,$'!26CB962:4%; 
when germ cell apoptosis was seen. We next analyzed 
Figure 2: Pubertal exposure to BA alters pubertal growth. A./		=6'!D%* %6C	2B962' 6-6 6	6+' 2.
B.6'!	% *6C	2C ,6'!26C *-6 6	6+' .C./		C66' K6C	C'-6 6	6+' .D./
 2 29''!2'2		 /%622D%* 2+,<	A3#-C',6'!26CB962.E. Plasma bile acid levels in males 
B962' 6-6 6	6+' 2C6,'!2.		6C *9	2' B922'2 *2Y





























the expression of the two estrogen receptors described in 
!'%-		2 *96 -69	'-9 6Gpr30 [7] 
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BA-diet alters germ cell survival in TGR5 
independent pathways
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was not involved in the pubertal phenotype induced by 
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BA-diet alters pubertal testicular physiology 
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We next wanted to analyze the involvement of 
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Figure 4: Pubertal BA exposure regulates testicular androgen metabolism. A. Relative intra-testicular testosterone levels in 
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work the increase of Shp was associated with a lower 
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led to a lower testosterone level (Figure 6D) associated 
D *  -2' % -		 969 622 :4% 3; 
ShpA	2.*22%%2 2 * '%9= !2-





2 Shp '--! D2 6  2C-   6 /2
 * 9-  6C  B962 6  2 62 6 2! *22
we wondered whether other repressor of steroidogenesis 
-6	'=/6	/'.OC6-2'6F$D*-*2-	62	!
related to SHP. In order to validate if Dax-1 is a 	
 % %6C4FND2'O83.  D *
O83 2	 '   -2' 6C  2 -	 
accumulation of both Shp and Dax-1:4%<;.2B$
2B922'2/	-		 !926C * 2 2^_
DD ' 62 *  *CC- 6CO83D26
!'%-		2.In vivoD'62   * 4FN2	!
expressed in interstitial compartment of the testis as ensure 
=! *	!226C *B92266C29--K22-*
as Lhcgr :!'%; ' Fshr (Sertoli) or 
 (germ 
-		2;:4%<;.2C6Lhcgr *B92266C 
D2-*' 2  	29	2.-6 2 Fshr and 

 only show slight increase in tubular and not in 
Intestitial samples. The slight increase of Fshr and 
 
%*  = B9	' =!  * C-   *   6	 ' - A
positive spermatogonia represent a small percentage of 
cells within the seminiferous tubules as these samples 
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accumulation after 12 hours of treatment (Figure 7C). 
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testis (Figure 7F).
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only observed at 12h (Figure 7C) These results support 
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DISCUSSION
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alter testicular physiology during sexual maturation. 
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One could have thought that systemic effect could 
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not support the idea of the involvement of the paracrine 
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pubertal testis.
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pathways involved might be different between pubertal 
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demonstrate that these effects are strictly mediated by 
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fully studied in adult mice [11]. Thus we could not exclude 
that such phenomena could also happened in adult mice. 
It is interesting to note that for other kinds of exposure 
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SHP-independent manner. This must be explained by 
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Our data suggest that Dax-1 is involved in the basal 
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through the elevation of Dax-1 and Shp expression and 
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as a target of SF-1 which might be a feedback loop to 
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regulation of Dax-1 is of interest as it has been recently 
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through the competition with co-activators such as SRC-
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existence of a potential negative feedback for a local 
control of steroidogenesis. This also opens new interesting 
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altered reproductive function.
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of the molecular mechanisms of the interaction between 
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axis. Our data supported the evidence that the gene 
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axis in the regulation of testosterone production. This is 
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maturation.
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a cross-talk between the regulation of Shp and Dax-1 
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to impact only basal steroidogenesis. Such differences 
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could be the results of the regulation of particular target 
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levels which was consistent with the lack of effects on 
germ cell apoptosis rate. These data suggest that at this 
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Shp might not be induced. Regarding SHP this could be 
consistent with the fact that at this age SHP is not or low 
expressed in interstitial space at this age [1].
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that the actor(s) invoved in the downregulation of Lhcgr 
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expression during prepubertal age.
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to better understand physiological and pathological 
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steroidogenesis. Several hypotheses could be made. The 
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line we can make the hypothesis of a testicular feedback 
loop to repress androgen production as a negative feedback 
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activated by numerous stimuli within the testis.
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lead to various diseases. This point has been enlightened 
in the last decades with the large impact of endocrine 
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testicular physiology during puberty. This is of interest in 
order to identify the etiology of primary hypogonadism 
observed in case of liver disorders during puberty period 
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results are sustained by the fact that impaired growth and 
delayed puberty are found in case of progressive familial 
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signaling pathways on testicular physiology at different 
timing during male life.
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had ad libitum access to food and water. 21-days old mice 
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window of the increase of testicular to reach adult levels.
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the beginning of the treatment.
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The epididymis was harvested. Then the head or tail 
was mashed and we count head of spermatozoa in order to 
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counted. Results are expressed as the percentage of tubules 
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Endocrine investigations
Steroids were extracted from testes as previously 
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of primers are reported in Supplementary Table S1. 
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siRNA transient transfection
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Electrophoretic mobility shift assays
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The farnesoid-X-receptor (FXR; 
NR1H4) is a bile acids (BAs) receptor. 
Initially, it has been shown to regulate the 
enterohepatic cycle and the BA 
biosynthesis. In the last decades, many 
studies have demonstrated its involvement 
in other physiological functions 
(digestion, immunity) and diseases such 
as diabetes and cancers. FXR 
participates to the homeostasis of steroids 
through the control of either synthesis or 
catabolism. In the testis, FXR is 
expressed within Leydig where it controls 
testicular testosterone metabolism. 
However, very few are known about the 
potential impact of FXR signaling 
pathways on testicular physiology. Here 
using phenotyping approach of FXR-/- 
mice, we define new unexpected roles of 
FXR within the testis. 
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Figure 19 : Analyse de l’impact du busulfan sur l’histologie testiculaire et l’expression de marqueurs
spécifiques aux différents types cellulaires du testicule chez la souris mâle adulte. A. Analyse histologique. Le
busulfan entraîne, 4 semaines après son injection, une perte transitoire de la lignée germinale, à l'exception des
spermatogonies qui permettront la recolonisation quasi-totale des tubes séminifères 8 semaines après le début
du traitement. B. Analyse moléculaire. Ces altérations histologiques s'accompagnent au niveau moléculaire d'un
effondrement de l'accumulation des transcrits de marqueurs spécifiques des cellules méiotiques (Ccna1) et post-
méiotiques (Smad6), tandis que celle de marqueurs des cellules somatiques (Lh-Rc et Fsh-Rc) et des
spermatogonies (Nanos) augmente en proportion 4 semaines après l'injection du busulfan. Après 4 semaines
supplémentaires (8 semaines post-injection), le profil d'expression de l'ensemble de ces marqueurs montre un
retour à la normale en conséquence de la recolonisation du testicule par la lignée germinale. L'accumulation des
transcrits du gène codant Fxrα augmente, quant-à elle, 4 semaines après le début du traitement, de façon
beaucoup plus marquée par rapport aux marqueurs Lh-Rc, Fsh-Rc et Nanos.
Lh-Rc : Luteinizing Hormone-Receptor ; Fsh-Rc : Follicle Stimulating Hormone-Receptor ; Ccna1 : Cyclin A1 ; Fxrα :
Farnesoid X Receptor alpha.
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SSC (As)    Apr/ Aal/ A1-4/In/B
Figure 20 : Représentation schématique du développement des gonocytes. Les gonocytes dérivent des cellules
germinales primordiales. Ils subiront une phase de prolifération au cours du développement fœtal puis néo-natal
avant de se différencier en cellules germinales souches (SSC).
ϕ : Phase ; SSC : Spermatogonial Stem Cell : Spermatogonies As : Asingle ; Apr : Apaired ; Aal : Aaligned ; In :










  ?	  ?	

  	?
















?\?    	
   	?	 	?  5F~[ 
?

   		
 
   	?	 	? 





























































































 +$7 K ;E %;|  

































































z_ 		?    		















  L I  
 ?





 	 	 _	  ?  	
  ?		 	  
	?
]	+*?	Z[















  	  ?	 ] 	+     !	











  	] 
	

	[   +X	
	 +*  ? 	Z 		
 	




?]	 ® : P   15  
















































































 %&#"]*"  &#*("$::j
|?
	   	
  
  _  	
	 <	Z 
  
























_ w  	
 	  <	Z ?] -{ 	
  	

















_    "	 















 	 !	} 





















	?]	  #	 	  	?
	  	 ]     [  

 w  			 ?

  +	?
   































 	 $0-	 |	~















   	?










































































 	 	 _ 	  !+ 
 ?
 +*  ?
<	Z 	 		




?X 	W	  [ 	  ] 
 !+ 
   =}     "X
	?		
<	Z[|+				






























































 5% :#&#  #&:?  $$$   &$  :#&#  $ "&&#
















	? 	  ?	   !	
 















































 _	 _  ?	 ?

















   

 		




+*  ? <	Z 	 		








































































































 	  
































   +  *   ?
	  		 	?
	























































L   J
  C	   
 









  	  	_??

_+* +??  }
~ ~[  
	









  _  
  	]? 
	 
[ "










    

 
+ [}[ +?? 
<	~   X 

































 		  ?
  


























	 	  	   


















  	 

	[;




	  }  
 ??






















  	  ?	 ] 	







~  _  ?	_	   	

 {



















+*  ? <	Z 	 		
  ? [    	?	















 <#Z   +
















 w  	?
  
?	 	?[ ;









	 	_	  ?
  
 



































































    







































 _  	
	 	 		
  	









  	?  
?












 	  <	Z 
 
 	?












   ?? 











+*  ?  	
	 ~ 
 	_ 	









  	?  
 













  		  
?	 	? 
 		
   	 
?
   ? 
+	












































11  	 	(	1    J
 












































 $ "0> &"0&$&   $% &  ! $  :&## =]$ &#C$ # 77 $ 7&#&#
"0> &$&=   $$$   >,  &$    $$$  :#$ , "   :!# : 
:&$!$ =]$ _"! % *"& #"$$ $= &#$]:"!#$
$]$ &#0&#=]&#  ]#&#  *(,#&::## $:#













































































































































 VIEWS, COMMENTARIES & OPINIONS
www.landesbioscience.com Spermatogenesis e24114-1
Spermatogenesis 3:1, e24114; January/February/March 2013 2013; © 2013 Landes Bioscience
VIEWS, COMMENTARIES & OPINIONS






*Correspondence to: David H. Volle;  
Email: david.volle@inserm.fr 
Regarding male fertility, biomedi-cal issues have opposite goals to 
treat infertility or develop contraceptive 
drugs. Recently, the identiﬁcation of the 
molecular mechanisms involved in germ 
cell differentiation suggest that spermio-
genesis has to be put at the crossroad to 
reach these goals.
Concerning fertility issues, citizens 
in our modern world are schizophrenic. 
On one side, couples have the possibility 
to control conception; and on the other 
side, more and more couples suffer from 
the misfortune of being infertile. These 
two societal problems lead to intensive 
research and conﬂicting government 
policies. However, these opposing goals 
rely on a better understanding of germ 
cell differentiation.
Male Contraception
In our society, contraception is a 
widely discussed topic among couples. 
Contraception is used by couples for fam-
ily planning purposes. It is also impor-
tant to reduce the number of deaths and 
diseases in women who have unwanted 
pregnancies.1 This is why governments 
have contraceptive programs in place to 
support women with undesired pregnan-
cies. Regarding contraception, it is rarely 
a question for men since the only avail-
able methods are the use of condoms and 
vasectomy.2 The lack of male contracep-
tion is also because for men, the daily 
production of up to 100 million sper-
matozoa is a much bigger hurdle to deal 
Male fertility
Is spermiogenesis the critical step for answering biomedical issues?
Marine Baptissart,1,2,3,4 Aurélie Vega,1,2,3,4 Emmanuelle Martinot1,2,3,4 and David H. Volle1,2,3,4,*
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with vs. just one ovum every month in 
women. For male contraception, much 
research and efforts have been focused 
on hormonal approaches.3,4 Indeed, tes-
ticular physiology is mainly regulated by 
the hypothalamus-pituitary axis, which 
produces gonadotropins that control the 
endocrine (steroidogenesis) and exocrine 
(gamete production) functions of the 
testis.5 Both are interconnected as germ 
cell survival is dependent of the andro-
gen concentrations.6 Thus, hormonal 
strategies are used to block spermato-
zoa production. However, a long-term 
impact of hormonal-based contraceptives 
is not known, which may expose men 
to health risks as demonstrated by the 
adverse effects of endocrine disrupters.7 
There are also efforts in the ﬁeld to block 
gamete production via spermatogenesis in 
which undifferentiated spermatogonia are 
expanded by consecutive cycles of mitosis, 
to be followed by germ cell differentiation 
and meiosis, and with the haploid sperma-
tids, undergo spermiogenesis to become 
spermatozoa.
Another interesting question about 
male contraception is the accessibility of 
contraceptive drugs to target cells. This 
is important in the testis since the testis 
is an immune-privileged organ and it is 
equipped with sophisticated structures 
to minimize toxicity in order to protect 
developing germ cells. Indeed, in the 
testis, the blood-testicular barrier (BTB) 
is a structure in the seminiferous epithe-
lium, essential for spermatogenesis.8 This 
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differentiation and transmission to fol-
lowing generations.28-30 The correct spa-
tial and temporal expression of germ 
cell-speciﬁc genes is essential to produce 
functional spermatozoa.31 Dicer 1, an 
RNase III endonuclease, is essential for 
the biogenesis of microRNAs (miRNAs) 
and endogenous small-interfering RNAs 
(endo-siRNAs). It also degrades toxic 
transposable elements. Early ablation 
of Dicer1 at the onset of male germ cell 
development leads to infertility caused by 
multiple cumulative defects. Alterations 
such as delayed progression of sper-
matocytes to prophase I and increased 
apoptosis were observed in the ﬁrst sper-
matogenic wave, resulting in a reduced 
number of round spermatids.32
In the future, it may be proposed to 
develop drugs targeting these key pro-
cesses of meiosis. However, it must be 
ensured that these drugs will block 100% 
of the germ cells at meiosis; if some pass 
this step with incomplete DNA repair or 
abnormal epigenomic pattern, it could 
impact the development of the offspring.
Spermiogenesis as the last testicular 
step on which to focus. Spermatozoa pro-
duction may also be blocked at spermio-
genesis, the stage in which spermatocytes 
become haploid spermatids. During this 
stage, much of the cytoplasm is removed 
through phagocytosis by the Sertoli cells.33 
There is also a condensation of the genome 
following the replacement of histones by 
protamines.34 Several post-translational 
modiﬁcations occur on histones during 
spermatogenesis. Histone H4 hyperacety-
lation is associated with histone removal; 
however, the exact mechanisms are still 
unclear. Finally, acrosome formation and 
the establishment of the ﬂagellum lead to 
spermatozoa.35
Recently, Matzuk et al. characterized the 




6S-acetic acid (JQ1), on mouse fertility.36 
The JQ1 molecule interacts with and is an 
inhibitor of the bromodomain and extra-
terminal (BRDT) subfamily of epigenetic 
reader proteins.37,38 BRDTs are expressed 
during the later stages, from pachytene 
spermatocytes to spermatids. BRDTs 
colocalize and interact with acetylated H4 
maintains low concentrations of retinoids. 
At puberty, the retinoid levels increase and 
induce the expression of stimulated by ret-
inoid gene-8 (Stra8), which allows germ 
cells entry to meiosis.
In contrast, ﬁbroblast growth factor 9 
(FGF9) suppresses entry to meiosis. FGF9 
decreases the sensitivity of germ cells to 
retinoids. In addition, FGF9 signaling 
preserves the pluripotency of germ cells 
and promotes a male fate during embry-
onic development.
Retinoid and FGF9 act in concert to 
control mammalian germ cell sexual fate 
commitment.16 Developing drugs to mod-
ulate these pathways could be of interest 
for contraceptive issues.
During meiosis, homologous recom-
bination allows the reciprocal exchange 
of genetic material between parental 
genomes and ensures proper chromosome 
segregation during the ﬁrst meiotic cell 
division.17-19
Spo11, a meiosis-speciﬁc protein, 
introduces double-strand breaks on 
chromosomal DNA and sets up meiotic 
recombination. The spermatocytes of 
Spo11-/- mice fail to synapse chromo-
somes and progress beyond the zygotene 
stage of meiosis.20 The Ataxia telangiec-
tasia-mutated (ATM) kinase, activated 
by DNA damage, triggers checkpoint 
signaling and promotes DNA strand 
break repair in order to pass meiosis.21 In 
addition, many transgenic rodent models 
show altered meiosis because of a failure in 
chromosomal synapsis. Similarly, TEX15-
deﬁcient spermatocytes exhibit a failure 
in chromosomal synapsis.22 Zip4h(-/Y) 
mutant mice present a delay in meiotic 
double-strand break repair and decreased 
crossover formation.23
In addition, studies have demonstrated 
the importance of germ cell-speciﬁc epi-
genetic marks in the entry to and pro-
gression of meiosis.24 Interestingly, mice 
with a loss-of-function mutation in H3K9 
histone methyltransferases are sterile, as 
the germ cells undergo apoptosis at the 
pachytene stage.25,26 Several proteins pos-
sess H3K9 methyltransferase activity. 
Suv39h1, Suv39h2 and G9a can perform 
H3K9 dimethylation, whereas only G9a 
performs H3K9 monomethylation.27
MicroRNA and small RNA also 
play important roles in germ cell 
contraceptive drugs to meiotic and post-
meiotic cells that are located behind the 
BTB. It has been established that only a 
small fraction of the drugs (1%) adminis-
tered to adult rats via gavage could reach 
the testis.9
Thus, a better understanding of the 
BTB and a novel approach to disrupt the 
BTB speciﬁcally could facilitate male con-
traceptive development. In this context, 
adjudin is a potent male contraceptive. It 
breaks down cell/cell adhesion between 
Sertoli and germ cells in the seminiferous 
epithelium, causing transient infertility.
Besides the BTB, testis also express 
many drug transporters that are capable of 
pumping drugs and/or toxicants, includ-
ing male contraceptives out of the testis 
via efﬂux drug transporters.10-12 More 
important, these efﬂux and inﬂux drug 
transporters are also found in spermato-
gonia and early spermatocytes, which are 
located outside the BTB. In short, a bet-
ter understanding of drug transporters 
and the BTB are critical to develop male 
contraceptives.
Inhibition of germ cell proliferation. 
Spermatogonia are the forerunners of all 
spermatogenesis, and some of these cells 
are also the “spermatogonial stem cells” 
of the germ cell lineage. Targeting sper-
matogonia is risky, as it could irreversibly 
affect daughter cells13 and progeny even 
after the contraception treatment has been 
stopped. In addition, altering the prolif-
eration of these cells could result in tumor 
development.
Meiosis as the target step for contra-
ception. The second step to focus on could 
be meiosis. In the last decade, knowledge 
about meiosis has increased. We will not 
give an exhaustive review, but some points 
are of interest for contraception.
The meiotic step is sensitive to hor-
monal status, as demonstrated in rodent 
transgenic models6 and by endocrine 
disrupters.7 This step of spermatogenesis 
could be targeted by hormonal contra-
ception. However, such an approach may 
affect secondary sexual characteristics, as 
the hypothalamic-pituitary axis will be 
altered.
The entry to and progression through 
meiosis are under the control of the 
retinoid signaling pathways.14,15 Up 




























that allow pluripotent cells to enter a spe-
ciﬁc lineage. Another critical step is for 
germ cells to pass meiosis. At this point, 
the haploid cells will condense their nuclei 
and change their shape while forming the 
acrosome and the ﬂagella, essential appa-
ratus for motility and fertilization of the 
oocytes.
To circumvent these difﬁculties, we 
need to improve our knowledge of germ 
cell differentiation.
Protocols for the differentiation of 
germ cells went through several experi-
mental steps before gaining some efﬁ-
ciency and were mostly performed using 
fetal cattle male germ cells.51 However, 
as fetal germ cells from humans are dif-
ﬁcult to obtain, such approaches are 
hardly feasible in human clinics. Other 
groups managed to differentiate haploid 
cells from spermatogonial stem cells, but 
the experimental protocol, which uses 
ﬂuorescence-activated cell sorting (FACS) 
technology to select cells that will be able 
to give haploid cells, is difﬁcult to per-
form.52 Human-induced pluripotent stem 
cells can produce haploid germ cells.53 The 
experimental protocol requires culture 
for 10 wk and the use of FACS to obtain 
haploid cells. However, the percentage of 
selected cells is low, as only 1–2% of the 
cultured cells are haploid.
All these data have provided many clues 
to better understand spermatogenesis. A 
recent study by Easley et al.54 has led to a 
jump in the capacity to differentiate sper-
matogenic cells. The authors described 
how to obtain haploid spermatogenic cells 
from human foreskin ﬁbroblasts without 
any genetic manipulation. Using a spe-
ciﬁc cell culture protocol, they have been 
able to differentiate these cells into post-
meiotic round spermatids in a very short 
amount of time, only 10 d. In addition, 
this protocol is more efﬁcient, as 4–5% of 
human pluripotent stem cells give haploid 
cells.
Although the study from Easley et al. 
produced some interesting results, vari-
ous points need to be clariﬁed. Ten days 
seems too short period to produce haploid 
cells compared with the classical length of 
spermatogenesis in human (74 d). It must 
be conﬁrmed that the spermatids have 
been correctly differentiated. Another 
striking point is that a longer culture time 
Male Infertility
Infertility affects approximately 15% of 
couples. Males account for 40–50% of the 
cases, either alone or in combination with 
female pathologies.5 The incidence of male 
fertility disorders is continuously increas-
ing and has been linked to multiple fac-
tors, including genetic and environmental 
factors.42 Several epidemiological stud-
ies associate environmental factors and 
toxic chemicals such as endocrine disrup-
tors (phthalates or bisphenol-A) to male 
infertility.43,44 In parallel, at least 40% of 
people undergoing anticancer treatments 
have impaired reproductive function. 
Chemotherapy or radiation may impair 
fertility, sometimes irreversibly.45 The 
fertility side effects of these treatments 
should be considered before beginning the 
treatment. However, for some patients, it 
is not possible to preserve the gametes, 
such as in children who contract can-
cers before puberty. In addition, it might 
be risky to preserve the spermatozoa of 
men with metastatic diseases, as there is 
no assurance that the germ cells have not 
been altered. In these cases, it may be safer 
to ﬁnd other alternatives to restore the 
male fertility.46
Infertility affects millions of people 
worldwide. For many people, the only 
possibility is to use assisted-reproductive 
technologies (ART). In vitro fecundation 
and intra-cytoplasm injection are long 
and difﬁcult processes at both physical 
and psychological levels.47 Furthermore, 
biopsy is an invasive approach and is asso-
ciated with an increased risk to develop 
testicular cancer.48 In some infertility 
cases, however, it is not possible to ﬁnd 
either spermatozoa or elongated sperma-
tids in testicular biopsies. In such cases, 
people may decide not to be the biological 
father of their child, which can be difﬁcult 
for both the father and the children once 
they get older.49,50
Other alternatives should be able to 
overcome these difﬁculties. The current 
technologies have reached their limits, 
leading many researchers to make efforts 
in developing in vitro approaches to dif-
ferentiate germ cells. However, it is dif-
ﬁcult to differentiate germ cells that are 
able to fertilize oocytes. The differentia-
tion of germ cells requires speciﬁc factors 
in elongating spermatids,39 and they are 
involved in the marked chromatin remod-
eling during spermiogenesis that leads 
to the histone-protamine transition and 
nucleus condensation.
JQ1 does not have an impact on tes-
tosterone levels, which is important for 
the preservation of other male character-
istics. In addition, it does not alter the 
proliferative properties of spermatogonia. 
Consistent with the cellular-restricted 
expression of Brdt1, JQ1 must act on 
spermatocytes and spermatids, leading to 
a decrease in the number of round sper-
matids and spermatozoa. Additionally, it 
affects spermatozoa quality, as analyzed 
by their motility.
A Long Way to Go  
and Many Questions  
to Answer Before Using Such  
a Contraceptive Molecule
(1) The contraceptive effect of JQ1 
is reversible, but mice only recover fertility 
4–6 mo after the end of treatment. The 
duration of spermatogenesis in mice is 35 
d, compared with 74 d in humans. Six 
months equates to six cycles of spermato-
genesis in mice, so the dose and treatment 
length in humans must be deﬁned, as six 
cycles of spermatogenesis in humans takes 
longer than a year to complete.
(2) The chromatin changes asso-
ciated with the use of the JQ1 molecule 
must be analyzed carefully to avoid harm-
ful effects on the offspring.
(3) In their study, Matzuk et al. 
did not test the long-term impact of such 
treatment. Indeed, male contraception 
would imply a longer time frame than the 
one tested.
(4) During his reproductive life, a 
man may need to use such a molecule at 
various periods, raising the question of 
whether the recovery time will be the same 
after multiple exposures.
(5) There are several homologous 
members in the BRDT family. Further 
studies will be necessary to ensure the 
speciﬁcity of JQ1 on chromatin modiﬁca-
tions during spermiogenesis. For example, 
BRD4 and BRDT1 show high similarity 
even on the JQ1-interacting domain, and 
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Focusing Research on  
a Common Target to Improve  
ART and Contraceptive Issues?
During recent decades, there has been 
increasing interest in biomedical issues 
involving infertility and contraception.
In addition, ethnical issues could alter 
contraceptive approaches.58 For example, 
the use of condoms is associated with sex 
outside marriage in Africa, inhibiting 
their use between married couples.
Vasectomy is, of course, an irreversible 
method of contraception under male con-
trol. The prevalence of vasectomy varies 
widely around the world. Some couples 
that choose sterilization cite problems with 
other contraceptive methods. In addition, 
couples that choose sterilization are more 
likely to be older, to be married and to have 
children. In some countries (for example 
in Latin America and the Caribbean), 
couples that choose sterilization are more 
likely to be of higher socioeconomic sta-
tus, while in others (for example in India 
and Bangladesh), they are more likely to 
be of lower socioeconomic status.
Attitudes toward male condoms and 
new contraceptive methods varied mark-
edly according to cultural background. 
One study reported that men from South 
Africa, China and Hong Kong were less 
enthusiastic about hormonal contra-
ception for men,59 while another study 
reported signiﬁcant cultural variations in 
the acceptability of hormonal contracep-
tion for men.60 Educated men were more 
likely to ﬁnd the idea acceptable. Those 
opposed to contraception either in general 
or because of their religious beliefs were 
likely to approve of male methods.
Masculinity is rarely evoked about 
contraceptive approaches when male 
alterations are involved in the decrease 
of fertility, particularly in the context of 
endocrine. If testicular biopsies can help 
in obtaining spermatozoa with infertil-
ity due to altered germ cell production, 
other approaches need to be developed. 
Indeed, a biopsy is an invasive approach 
and is associated with an increased risk 
for developing testicular cancer.48 One 
might think that to transplant sper-
matogonia differentiated in vitro from 
ﬁbroblasts might allow a man to be the 
biological father of his children. Of 
obtained haploid cells (elongated sper-
matids and ﬂagellated sperm) gave rise to 
healthy offspring through micro-insemi-
nation. Using foreskin ﬁbroblasts to per-
form co-culture of Sertoli-like cells and 
germ cells may be a major advance toward 
helping male infertility.
A Long Way to Go  
and Many Questions to  
Solve Before Differentiating  
Fully Competent Germ Cells
(1) Although the potential use of 
human foreskin ﬁbroblasts opens a new 
ﬁeld of research in the production of differ-
entiated germ cells, the quality of the germ 
cells must be controlled before using such 
cells for ART. It will be necessary assess 
the criteria used to deﬁne differentiation. 
Is differentiation only morphological? Is it 
the correct expression of speciﬁc cell-type 
markers (protamine, acrosin, etc.)? Is it a 
speciﬁc epigenetic pattern (DNA methyla-
tion; histones/protamines)?
(2) Further tests will be needed to 
assure that these haploid germ cells can, at 
least in vitro, give rise to embryos.
(3) Once in vitro differentiation 
of efﬁcient germ cells has been achieved, 
society will also have to address the bio-
ethical challenges.
(4) The use of animal models also 
represents a tool for exploring the root 
causes of male infertility. Deriving hPSCs 
from infertile men will allow identiﬁca-
tion of where spermatogenesis arrests. 
It will be important to pre-clinically 
evaluate whether these in vitro-generated 
gamete forerunners have reproductive 
capacities in vivo. Re-implantation stud-
ies and analyses of embryo development in 
utero will also be necessary. As research on 
humans should be avoided for ethical rea-
sons, inter-species studies will be required. 
Such approaches have already been per-
formed and have succeeded between 
goats and mice. The use of animal mod-
els will be of major importance, as there 
is a large source of mouse models with 
altered spermatogenesis, altered Leydig 
or altered Sertoli functions. Approaches 
with transgenic models may be helpful 
in analyzing the cell/cell communication 
and paracrine factors involved in complete 
spermatogenesis.
did not allow the authors to obtain more 
haploid cells; in fact, the percentage even 
decreased after 20 d of culture, suggesting 
that the other germ-like cells (VASA+) do 
not have the capacity to differentiate into 
haploid cells.
However, this protocol may allow 
researchers to study events during early 
spermatogenesis from human primordial 
stem cells (hPSCs) to spermatogonial stem 
cells (SSCs) and to characterize the events 
associated with spermiogenesis to the 
round spermatid stage. If there is a long 
way to go, such results highlight the need 
to increase our knowledge of spermato-
genesis to be able to transplant germ cells 
that will differentiate in vivo in functional 
spermatozoa in the future.
In addition, the cells failed to perform 
complete spermiogenesis. This study 
highlights the complexity of such differ-
entiation and identiﬁes some critical miss-
ing factors in this experimental protocol. 
This research highlights the potential 
need for supporting cells, namely Sertoli 
cells, for completing spermatogenesis in 
vitro. Sertoli cells play a supportive role 
to germ cells and maintain spermato-
genesis (Cheng et al., 2010). They form 
the hemato-testis barrier that isolates the 
germ cells from blood components, par-
ticularly immune mediators.55 It is worth 
noting that these functions might not be 
essential for the in vitro differentiation 
of germ cells. The role of Sertoli cells as 
the only source of nutrients and growth 
factors for germinal cells is bypassed in 
vitro by adding growth factors, serum 
and other supplements to the medium. 
However, the critical role of Sertoli cells 
of removing germ cell cytoplasm might 
be missing. Co-cultures of germ cells with 
Sertoli cells may be helpful to help human 
pluripotent ﬁbroblasts to become haploid 
spermatids.
Buganim and collaborators managed 
to differentiate ﬁbroblasts into embryonic 
Sertoli-like cells that are able to support 
germ cell survival in vitro.56 The addition 
of such cells could help to complete germ 
cell differentiation. This idea is supported 
by data showing that in vitro SSC lines or 
any isolated SSCs can perform full sper-
matogenesis.57 These data were obtained 
using an approach in which SSCs were 
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epigenetic pattern will be necessary to 
achieve the best rate of embryonic devel-
opment in vitro and to reduce spontaneous 
abortions after re-implantation in females 
and the incidence of severe pathologies in 
the progeny.
The role of epigenetics in male gam-
etes must also be evaluated. Indeed, ART 
approaches may lead to epigenetic modiﬁ-
cations in the embryos developed in vitro.63 
Although epigenetics has not clearly been 
shown to have an impact on progeny devel-
opment, the fact that epigenetic modiﬁca-
tions result in developmental defects that 
lead to embryonic death, which could 
contribute to the low efﬁciency of ART 
approaches (approximately 20% success 
rate) cannot be excluded. A recent study 
suggests that epigenetic modiﬁcations 
during ART are normally corrected in the 
germ line by epigenetic reprogramming 
and, thus, not spread to following genera-
tions.64 However, such impacts still need 
to be further studied, as rare epigenetic 
disorders such as Beckwith-Wiedemann 
syndrome or Angelman syndrome seem 
higher.65,66
Likewise, it will be necessary to con-
trol for the quality of germ cells that 
will be generated after the arrest of the 
temporary contraception in men. This 
includes morphological aspects as well as 
classical quality criteria such as mobility 
and capacity to fecund. The emergence 
of the importance of epigenetic status in 
haploid germ cells indicates that these 
criteria will also need to be taken into 
consideration.
All these studies on spermatogenesis 
will help in developing new strategies for 
contraception and for new approaches for 
restoring fertility. From all these recent 
data, the identiﬁcation of the molecular 
mechanisms involved in such a complex 
process will give some hints and contribute 
to the emergence of a new ﬁeld of biomed-
ical research. Finally, these studies suggest 
that spermiogenesis must be placed at the 
crossroads to reach the goals of the two 
main issues of biomedical reproductive 
biology, namely male contraception and 
male infertility.
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course, such transplantation approaches 
could be successful only when the origin 
of the default is within the germ cells. If 
the problems come from endocrine func-
tions or Sertoli cells for example, trans-
plantation of spermatogonial stem cells 
will not have any chance to succeed. If 
the alterations (mutation, epigenetic 
information) are intrinsic to germ cells, 
however, transplantation could be of 
major interest.
Concluding Remarks
To reach these two opposite objectives of 
reproductive biology, the common point 
seems to better understand the key steps 
involved in spermatogenesis. Such knowl-
edge is essential to identify the clues nec-
essary to successfully differentiate germ 
cells in vitro and to identify the best con-
traceptive molecules.
Furthermore, obtaining in vitro dif-
ferentiated spermatozoa will be less inva-
sive than performing biopsies. The work 
of Easley et al. thus opens new perspec-
tives, as the authors have been able to 
differentiate germ cells from pluripotent 
ﬁbroblasts. However, it still difﬁcult to 
differentiate germ cells up to spermato-
zoa. This difﬁculty to pass spermiogen-
esis suggests that it is a key step of germ 
cell differentiation.
A study with the opposite purpose of 
generating a new contraceptive approach 
also highlights the importance of this 
step of spermatogenesis. The use of JQ1 
arrests germ cell differentiation at haploid 
step, as shown by the decreased number of 
spermatids.
Both studies identify chromatin 
remodeling as a critical step. Epigenetic 
modiﬁcations are of major importance for 
development, as epigenetic changes can 
lead to embryonic death. This was shown 
in rodent models invalidated for genes 
encoding DNA-methyltransferases.61 In 
addition, alterations in the epigenetic 
pattern (DNA or histone modiﬁcations) 
correlate with an increased incidence of 
pathologies such as cancer.62 Increased 
knowledge of germ cell differentiation is 
necessary to avoid or to minimize impacts 
on the offspring, even after several gen-
erations. To restore fertility using in 
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Crosstalk between bile acids and steroid metabolism
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FXRα interferes with glucose metabolism regulation by 
glucocorticoid signaling pathways
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Bile acids and sex hormone catabolism
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FXRα interferes with sex hormone signaling pathways
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Bile Acids Alter Male Fertility Through
G-Protein-Coupled Bile Acid Receptor 1
Signaling Pathways in Mice
Marine Baptissart,1,2,3,4 Aurelie Vega,1,2,3,4 Emmanuelle Martinot,1,2,3,4 Aurelien J. Pommier,1,2,3,4
Sander M. Houten,5 Geoffroy Marceau,6 Angelique de Haze,1,2,3,4 Silve`re Baron,1,2,3,4
Kristina Schoonjans,7 Jean-Marc A. Lobaccaro,1,2,3,4 and David H. Volle1,2,3,4
Bile acids (BAs) are signaling molecules that are involved in many physiological functions,
such as glucose and energy metabolism. These effects are mediated through activation of
the nuclear and membrane receptors, farnesoid X receptor (FXR-a) and TGR5 (G-pro-
tein-coupled bile acid receptor 1; GPBAR1). Although both receptors are expressed within
the testes, the potential effect of BAs on testis physiology and male fertility has not been
explored thus far. Here, we demonstrate that mice fed a diet supplemented with cholic
acid have reduced fertility subsequent to testicular defects. Initially, germ cell sloughing
and rupture of the blood-testis barrier occur and are correlated with decreased protein
accumulation of connexin-43 (Cx43) and N-cadherin, whereas at later stages, apoptosis of
spermatids is observed. These abnormalities are associated with increased intratesticular
BA levels in general and deoxycholic acid, a TGR5 agonist, in particular. We demonstrate
here that Tgr5 is expressed within the germ cell lineage, where it represses Cx43 expres-
sion through regulation of the transcriptional repressor, T-box transcription factor 2 gene.
Consistent with this ﬁnding, mice deﬁcient for Tgr5 are protected against the deleterious
testicular effects of BA exposure. Conclusions: These data identify the testis as a new target
of BAs and emphasize TGR5 as a critical element in testicular pathophysiology. This
work may open new perspectives on the potential effect of BAs on testis physiology dur-
ing liver dysfunction. (HEPATOLOGY 2014;60:1054-1065)
T
he incidence of infertility is constantly increas-
ing and affects up to 25% of couples. Approxi-
mately 50% of the cases comprise disorders of
the male reproductive system. They have frequently
been associated with an inadequate number and quality
of male germ cells (e.g., spermatozoa).1,2 Alterations of
testicular physiology play an important role in reduced
sperm number, leading to infertility. The major func-
tions of the testes include synthesis of the male sex hor-
mone (testosterone) and production of gametes.
Spermatogenesis takes place within the seminiferous
tubules in association with the Sertoli cells (SCs), which
provide structural support for developing germ cells
through cell-cell interactions involving proteins such as
Abbreviations: Abs, antibodies; ALT, alanine aminotransferase; BA, bile acid; BTB, blood-testicular barrier; CA, cholic acid; cDNA, complementary DNA;
Cx43, connexin-43; Cyp3a11, cytochrome P450, family 3, subfamily a, polypeptide 11; DCA, deoxycholic acid; DHT, dihydrotestosterone; FXR-a, farnesol X
receptor; GPBAR1, G-protein-coupled bile acid receptor 1; H&E, hematoxylin and eosin; IHC, immunohistochemistry; Igf1, insulin-like growth factor 1; IP, intra-
peritoneal; IT, intratesticular; LC, liquid chromatography; LCA, lithocholic acid; MC, mass spectrometry; mRNA, messenger RNA; OA, oleanolic acid; PFA, para-
formaldehyde; SCs, Sertoli cells; siRNA small interfering RNA; Sult2a1, sulfotransferase family, cytosolic, 2A, dehydroepiandrosterone (DHEA)-preferring, member
1; Tbx2, T-box transcription factor 2; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; Ugt2B34, UDP glucuronosyltransferase 2 family,
polypeptide B34; WT, wild type.
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N-cadherin, connexin-43 (Cx43), or E-cadherin.3 In a
testis, SCs form a blood-testicular barrier (BTB), which
is essential for optimal spermatogenesis. Moreover,
altered interactions between SCs and germ cells (sper-
matids) can perturb BTB integrity.5,6 These cellular
interactions allow orientation of germ cells during dif-
ferentiation. This is crucial because disorientation may
induce germ cell apoptosis.7
The urgency in identifying factors altering male fer-
tility is emphasized by the fact that idiopathic infertil-
ity represents 25% of cases.8 Recently, it was
demonstrated in vivo that testicular testosterone syn-
thesis was repressed by a synthetic agonist of the
nuclear bile acid (BA) receptor, farnesoid X receptor
alpha (FXR-a; NR1H4).9 This suggests that BA sig-
naling could play a role in testicular pathophysiology.
In addition to their role in promoting digestion, BAs
have also been deﬁned as endocrine factors whose
actions are mediated by two BA responsive receptors:
the nuclear receptor, FXR-a,10 and the G-protein-
coupled receptor, TGR5 (G-protein-coupled BA recep-
tor; GPBAR1).11 These receptors are currently consid-
ered as potential therapeutic targets12,13 because they
have been demonstrated to be involved in many physi-
ological functions, such as lipid and carbohydrate
metabolism14 as well as energy expenditure.15,16
Although FXR-a and TGR5 have been reported to be
expressed within the testes,9,17 the effect of BA signal-
ing on testis physiology and male fertility remains
elusive.
To deﬁne the potential effect of BAs on testicular
physiology and fertility, we exposed adult male mice to
dietary BA supplementation. We demonstrate that mice
fed a diet supplemented with cholic acid (CA) have
altered fertility subsequent to testicular defects and
lower sperm count. Elevated plasma BA levels led to
germ cell sloughing and BTB rupture, as well as apo-
ptosis of spermatids. The use of Tgr5 null (Tgr52/2)
mice highlights that the BA-TGR5 pathway plays a crit-
ical role in mediating fertility disorders, some of which
are mediated within the germ cell lineage.
Materials and Methods
Ethics Statement. This study was conducted in
accord with the current regulations and standards
approved by the animal care committee (CEMEA
Auvergne; protocol CE 07-12).
Animals. C57Bl/6J mice were purchased from
Charles River Laboratories (L’Arbresle, France), and
the Tgr52/2 mice used have been previously
described.18 The mice used in this study were main-
tained in a C57BL/6J background and housed in
temperature-controlled rooms with 12-hour light/dark
cycles. Mice had ad libitum access to food and water.
Nine-week-old mice were exposed to a D04 diet (con-
trol) or D04 diet supplemented with 0.5% CA (CA
diet; SAFE, Augy, France) for 0.5, 1, 2, or 4 months.
Histology. After diet exposure, testes were col-
lected, paraformaldehyde (PFA)-ﬁxed and embedded
in parafﬁn, and 5-mm-thick sections were prepared
and stained with hematoxylin and eosin (H&E).
For analysis of BTB integrity, 15 mL of EZ-Link
Sulfo-NHS-LC-Biotin (7.5 mg/mL; Thermo Fisher
Scientiﬁc, Brebie`res, France) were injected into the left
testis of anesthetized males exposed to a control or CA
diet.19 Then, after 20 minutes, testes were removed,
PFA-ﬁxed and embedded in parafﬁn, and 5-mm-thick
sections were prepared and stained for biotin.
For determination of cellular localization of bile
acids in the testis, we injected 0.6 mg of cholyl-lysyl-
ﬂuorescein (BD Biosciences, Le Pont de Claix, France)
either in an intraperitoneal (IP; 200 mL) or intratestic-
ular (IT; 15 mL) manner. Thirty minutes after injec-
tion, testes were harvested, PFA-ﬁxed and embedded
in parafﬁn, and 5-mm-thick sections were prepared.
Terminal Deoxynucleotidyl Transferase dUTP
Nick End Labeling Analysis. Terminal deoxynucleo-
tidyl transferase dUTP nick end labeling (TUNEL)
experiments were performed as previously described on
5 lm of testis ﬁxed in 4% PFA.20 In each testis, at
least 100 random seminiferous tubules were counted.
Results are expressed as the number of tubules with
either spermatocytes or spermatids TUNEL positive
per 100 seminiferous tubules.
Immunohistochemistry. Parafﬁn sections of PFA-
ﬁxed testis were sectioned at 5 mm. Sections were
mounted on positively charged glass slides (Superfrost
plus; Thermo Scientiﬁc), deparafﬁnized, rehydrated,
treated for 20 minutes at 93-98C in citric buffer (0.01
M, pH 6), rinsed in osmosed water (2 3 5 minutes),
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and washed (2 3 5 minutes) in Tris-buffered saline.
Immunohistochemistry (IHC) was conducted accord-
ing to the manufacturer’s recommendations, as
described earlier.21 Slides were then counterstained
with Hoestch medium (1 mg/mL). Antibodies (Abs)
used are given in the Supporting Information
(Supporting Table 1).
Endocrine Investigations. Steroids were extracted
from testes as previously described.20 IT and plasma
steroid levels were measured using commercial kits:
testosterone and estradiol (Diagnostic Biochem, Lon-
don, Ontario, Canada), dihydrotestosterone (DHT),
3a-androstanediol (MyBioSource, San Diego, CA),
and androsterone (Antibody-on-line GmbH, Paris,
France).
BA Measurements. Plasma BAs were analyzed in
acetonitrile-deproteinized samples by liquid chroma-
tography (LC) tandem mass spectrometry (MS/MS)
using a method described previously, with minor mod-
iﬁcations.22 Quantitative measurement of tissue BAs
was performed as described before.23 The qualitative
measurement of the BAs in testis extracts was per-
formed by ultra-pressure LC-MS. The sample was
injected into a C18 guard column (20 3 2 mm) and
washed with water; subsequently, BAs and BA conju-
gates were eluted with acetonitrile in a single peak.
During elution of this peak, spectra were taken. For
experiments on wild-type (WT) and Tgr52/2 mice,
BA measurements were performed using enzyme-
linked immunosorbent assays, following the manufac-
turer’s recommendations (catalog no.: 80470; Crystal
Chem, Inc., Downers Grove, IL).
Real-Time Reverse-Transcriptase Polymerase
Chain Reaction. RNA from testis samples was iso-
lated using Nucleospin RNA (Macherey-Nagel,
Hoerdt, France). Complementary DNA (cDNA) were
synthesized from total RNA with the Moloney murine
leukemia virus reverse transcriptase and random hex-
amer primers (Promega, Charbonnie`re Les Bains,
France). Real-time polymerase chain reaction measure-
ment of individual cDNAs was performed using SYBR
Green dye (Master Mix Plus for SYBR Assay; Euro-
gentec, Angers, France) to measure duplex DNA for-
mation with the Eppendorf RealPlex system. The
sequences of primers are reported in Supporting Table
2. Standard curves were generated with pools of testis
cDNA from animals with different genotypes and/or
treatments. Results were analyzed using the DDct
method.
Western Blotting. Proteins were extracted from tis-
sues using lysis buffer (0.4 M of NaCl, 20 mM of
Hepes, 1.5 mM of MgCl2, 0.2 mM of ethylenediami-
netetraacetic acid, 0.1% NP40, and 13 protease
inhibitors; Roche Diagnostics, Meylan, France). Abs
were suspended in Tri-buffered saline, 0.1% Tween,
and 10% milk. The Abs used are given in the Sup-
porting Information (Supporting Table 1).
Cell Studies. GC1-spg cells were used as previously
described.9 Cells were treated for 24 hours with vehicle
(ethanol, 1/1,000), deoxycholic acid (DCA; 5-100 mM;
Sigma-Aldrich, St. Louis, MO), lithocholic acid (LCA;
5-20 mM; Sigma-Aldrich), and oleanolic acid (OA; 2-
10 mM; Interchim, Montluc¸on, France). Then, cells
were harvested 24 hours later, and messenger RNA
(mRNA) or protein extractions were performed.
Transient Transfection. GC1-spg cells were trans-
fected with small interfering RNA (siRNA) using inter-
ferin (Ozyme, Saint Quentin Yvelines, France) in six-
well plates (100,000 cells per well). The siRNA directed
against Tgr5 or T-box transcription factor 2 gene
(Tbx2), as well as control siRNA (siGfp), was trans-
fected at 5 ng per well. When 48 hours after the trans-
fection had passed, cells were treated with vehicle
(ethanol, 1/1,000) or DCA. Then, cells were harvested
24 hours later, and mRNA extractions were performed.
Cellular Localization. To study Tgr5 cellular local-
ization within the testis, we used a classical transitory
germ-cell loss protocol with busulfan injections.24
C57BL/6J mice were injected once with 20 mg/kg of
busulfan (Sigma-Aldrich). Mice were killed on the day of
injection (T0), 4 weeks, or 8 weeks after treatment. For
details, see Materials and Methods section in the Sup-
porting Information. We also used spermatocytes, which
were isolated and puriﬁed as previously described.20
Statistical Analysis. For statistical analysis, 2-way
ANOVA was performed using the statistical software
package SigmaStat 3.0. When signiﬁcant effects of treat-
ment or genotype or their interactions were obtained,
multiple comparisons were made with Holm-Sidak
method. All numerical data are mean 6 SEM. A
P value less than 0.05 was considered signiﬁcant.
Results
Dietary BA Supplementation Alters Male Repro-
ductive Function. To deﬁne the potential effect of
BAs on testicular physiology and fertility, we exposed
adult male mice to dietary CA supplementation
(0.5%) for 4 months. A CA diet led to altered fertility,
with 24% of the exposed males unable to produce
progeny (Fig. 1A). In males producing progeny, a CA
diet also decreased (20%) the number of pups per lit-
ter after 4 months of diet (Fig. 1A). This decrease was
negatively correlated with the increase in plasma BA



























levels (r2520.890; P5 0.000565; Fig. 1B). As
expected, CA diet increased plasma BA levels (Sup-
porting Fig. 1A). Although CA was the most abundant
BA species, DCA and its derivatives were the most
highly induced after the CA diet (Supporting Fig. 1B).
The decrease of number of pups per litter in CA-diet–
fed males was correlated with DCA levels
(r2520.895; P5 0.000468; Fig. 1B). The reduced
fertility was also associated with a lower production of
spermatozoa by the testis (Fig. 1C).
Dietary BA Supplementation Alters Germ Cell
Survival. A marked increase in germ cell apoptosis,
speciﬁcally spermatids, was observed after 4 months of
CA diet (Fig. 2A,B) and was associated with an induc-
tion of cleaved caspase-3 (Fig. 2C). No modiﬁcation of
IT testosterone or other male hormones, such as DHT,
androsterone, and 3a-androstanediol, was observed (Fig.
2D and Supporting Fig. 1C). Moreover, gene expression
levels of several androgen-dependent genes (Pem and
Osp1) were not changed after 4 months of CA diet
(Fig. 2E). These results suggest that androgen-
independent mechanisms may underlie apoptotic events
in spermatids of male mice exposed to BAs. Interest-
ingly, IHC analysis indicated abnormal polarization of
elongating/elongated spermatids in mice exposed to
BAs, compared to the control group (Fig. 2F,G).
Integrity of the Seminiferous Epithelium Is Altered
Upon Chronic BA Exposure. Histological analyses
revealed the presence of cell aggregates in the center of
the seminiferous tubules (Fig. 3A,B) as well as destruc-
tured tubules (Fig. 3C,D) in testes of the CA-treated
group. Whereas cell aggregates were already observed after
2 months of diet, the presence of destructured tubes only
appeared after 4 months (Fig. 3B,D). This suggests that
cell-cell interaction mechanisms could have been altered
by the CA diet, resulting in germ cell detachment.
Use of a biotin-coupled tracer indicated that, after 2
months of diet, the BTB is no longer intact (Fig. 3E,F).
Analysis of cell-cell interaction proteins indicated a
decreased accumulation of N-cadherin and Cx43 after 2
months of BA exposure (Fig. 3G,H), whereas SRC,
claudin-5, b1-integrin, b-catenin, nectin-3, and vimentin
were not affected (Supporting Fig. 1D). Furthermore,
Cx43 mRNA accumulation was already altered after 15
days of CA diet exposure, whereas N-cadherin mRNA
accumulation was unchanged (Supporting Fig. 1E).
TGR5 Deﬁciency Protects Males From BA-
Induced Testis Abnormalities. In contrast to WT
males, Tgr52/2 males did not display any effect on
male reproductive efﬁciency (Fig. 4A, left panel). Both
the number of pups per litter and the number of sper-
matozoa in Tgr52/2 males were not reduced in
response to 4 months of CA diet (Fig. 4A, right panel,
and 4B), indicating that the effects of chronic BA
exposure on male reproductive functions are Tgr5
dependent. Moreover, no morphological abnormalities
from chronic CA feeding, such as cell center aggregates
or destructured tubules, could be observed in the testis
of Tgr52/2 males (Fig. 4C). Consistently, no effect
was observed on BTB integrity, apoptosis levels, or
Fig. 1. CA diet induces male hypofertility. (A) Each male was bred
with 2 C57Bl/6J females to analyze their capacity to mate (percentage
of nonefﬁcient males; left panel) and number of pups per litter
obtained (right panel). (B) Correlation of the number of pups per litter
with the concentration of total plasma BAs and DCA. (C) Spermatozoa
count in the heads and tails of the epidydimis of males exposed to 4
months of control or CA diets (n5 10-20 per group). Control diet
group was arbitrarily ﬁxed at 100%. In all of the panels, data are
expressed as the means6 standard error of the mean. Statistical
analysis: *P< 0.05; **P< 0.01; ***P< 0.005.



























misoriented spermatids in Tgr52/2 males after BA
exposure (Fig. 4D). In addition, Tgr52/2 mice
exposed to a CA diet did not display decreased N-
cadherin and Cx43 protein levels (Fig. 4E,F). Regard-
ing Cx43, the protective effect of the lack of Tgr5 was
also observed at the mRNA level (Supporting Fig. 1F).
The Testicular Phenotype Is Not Initiated by
Altered Liver Injury or Testosterone/Insulin-Like
Growth Factor 1 Levels. The effects of prolonged
BA exposure on male reproductive functions are
dependent on the BA receptor TGR5, because
Tgr52/2 mice are protected against the observed dele-
terious testicular effects. One could have hypothesized
that differences in the extent of liver injury, induced
by chronic CA feeding, contribute to the improved
testicular physiology in Tgr52/2 males. However, con-
sistent with a previous study,25 body and liver weight
were not different between Tgr51/1 and Tgr52/2
males in response to BA exposure (Supporting Fig.
2A). Furthermore, plasma alanine aminotransferase
Fig. 2. CA diet induces germ cell apoptosis. (A) Apoptosis in mice exposed to control or CA diets (n5 10-20 per group) analyzed by TUNEL
staining. Representative micrographs of the testis exposed to control or CA diets. Arrowheads indicate apoptotic spermatocytes; arrow indicates
apoptotic spermatids. The original magniﬁcation was 2003. (B) Quantiﬁcation of TUNEL analyses. The number of TUNEL-positive spermatocytes
is indicated as the number of positive cells per 100 seminiferous tubules; the number of tubules with TUNEL-positive spermatids is indicated as
the number of positive tubes per 100 seminiferous tubules (n5 10-20). Control-diet–treated mice were arbitrarily ﬁxed at 100%. (C) Immuno-
blotting of cleaved caspase-3 performed on testicular protein extracts of mice fed a control or CA diet (n5 6-10 per group). Quantiﬁcation of
cleaved caspase-3 protein accumulation, compared to uncleaved caspase-3. Control-diet–treated mice were arbitrarily ﬁxed at 100%. (D) IT tes-
tosterone concentration (ng/mg) in C57Bl/6J mice fed a control or CA diet for 4 months (n5 6-20 per group). (E) Testicular mRNA expression
of Pem and Osp normalized to b-actin levels in whole testis of C57Bl/6J mice fed control or CA diet for 0.5 or 4 months (n5 10-15 per group).
(F) Spermatid orientation, as measured by the stained cells for E-cadherin. Representative micrographs of mice fed 4 months with CA diet
(n5 10-15 per group). #Indicates well-oriented spermatids; *indicates misoriented spermatids. The original magniﬁcation was 1003. (G) Quan-
tiﬁcation of the number of tubules with misoriented spermatids per 100 seminiferous tubules after 4 months of control or CA diet (n5 10-15
per group). Control-diet–treated mice were arbitrarily ﬁxed at 100%. L, lumen. In all of the panels, data are expressed as the means6 standard
error of the mean. Statistical analysis: *P< 0.05; **P< 0.01; ***P< 0.005.



























(ALT) levels and cytokeratin-8 were similarly increased
in both genotypes after CA diet exposure (data not
shown), suggesting a similar extent of liver injury in
both genotypes.
Reduced plasma testosterone levels have been associ-
ated with liver diseases.26,27 In our experimental
model, lower testosterone levels were initially observed
1 month after initiation of the CA diet (Fig. 5A). This
was also reﬂected by the lower weight of the seminal
vesicles (Fig. 5B), which is an androgen-dependent
organ. The lower plasma testosterone levels appear to
be correlated with altered hepatic catabolism, as sug-
gested by the higher mRNA accumulation of genes
such as UDP glucuronosyltransferase 2 family,
Fig. 3. CA diet impairs seminiferous epithelium integrity through the down-regulation of connexin-43 and N-cadherin. (A) Representative micro-
graphs of H&E-stained testes of mice fed a CA diet for 4 months (n5 10-20 per group). Arrowhead indicates tubules with sloughing germ cells.
The original magniﬁcation was 1003. (B) Quantiﬁcation of the number of tubules with sloughing germ cells tubules per 100 seminiferous
tubules after 1, 2, and 4 months of control or CA diets (n5 10-20 per group). (C) Representative micrographs of H&E-stained testes of mice
fed a CA diet for 4 months (n5 10-20 per group). Arrows indicate tubes with complete loss of germ cells. The original magniﬁcation was
1003. (D) Quantiﬁcation of the number of completely destructured tubules per 100 seminiferous tubules after 1, 2, and 4 months of control or
CA diets (n5 10-20 per group). (E) BTB integrity, as measured by the stained testes for EZ-link biotinylated. Representative micrographs of mice
fed 4 months with a control diet or CA diet (n5 10-15 per group). Arrow indicates a tubule with a slight inﬁltration of EZ-link biotinylated; arrow-
head indicates a tubule with a high intensity of inﬁltration. The original magniﬁcation was 1003. (F) Quantiﬁcation of the number of tubules
with inﬁltration per 100 seminiferous tubules after 1, 2, and 4 months of a control or CA diet (n5 10-15 per group). (G) Immunoblottings of
connexin-43 and N-cadherin protein accumulations, compared to actin, performed on testicular protein extracts of mice fed a control or CA diet
for 2 months (n5 10-20 per group). (H) Quantiﬁcation of connexin-43 and N-cadherin protein accumulations, compared to actin. In all panels,
data are expressed as the means6 standard error of the mean. Statistical analysis: *P< 0.05 and **P< 0.01 versus control diet group. In all
panels, control-diet–treated mice were arbitrarily ﬁxed at 100%.



























polypeptide B34 (Ugt2b34), cytochrome P450, family
3, subfamily a, polypeptide 11 (Cyp3a11; Fig. 5C),
and sulfotransferase family, cytosolic, 2A, dehydroepian-
drosterone (DHEA)-preferring, member 1 (Sult2a1; data
not shown). However, the reduction of plasma testoster-
one after CA exposure may not be critically involved in
the altered fertility and sperm production, as it was also
observed in Tgr52/2 males (Fig. 5A). This result was
further supported by the effect of the CA diet on semi-
nal vesicles in Tgr52/2 males (Fig. 5B). In addition, no
effect of the CA diet or Tgr5 genotype was observed on
other hormones, such as DHT, 3a-androstandiol,
androsterone, or estradiol (Supporting Fig. 2B).
In addition, decreased levels of hepatic insulin-like
growth factor 1 (Igf1) mRNA, a factor described to
alter the BTB and a known inducer of Cx43 expres-
sion, were also observed in WTmales exposed to a CA
diet. This decrease was observed from 15 days after
beginning of BA exposure (Fig. 5D), a time when
Cx43 was already decreased at the mRNA level
Fig. 4. Tgr5 deﬁciency protects male mice from CA-diet–induced testicular abnormalities. (A) After 4 months of diet, each male of either WT
or Tgr52/2 genotype was bred with 2 C57Bl/6J females to analyze their reproductive efﬁciency (fold increase of number of infertile males vs.
control diet group) and the number of pups per litter (n5 6-10 per group); data are expressed as the means6 standard error of the mean.
*Denotes signiﬁcant difference from the control diet group for same genotype (*P< 0.05 and **P< 0.01). (B) Spermatozoa count in the tail of
epididymis of WT or Tgr52/2 males exposed to 4 months of a control or CA diet (n5 10-20 per group). Control diet groups were arbitrarily ﬁxed
at 100% (**P< 0.01). (C) Quantiﬁcation of the number of tubules with sloughing germ cells or completely destructured tubules per 100 semi-
niferous tubules in WT and Tgr52/2 mice fed a control or CA diet for 4 months (n5 6-10 per group). Control-diet–treated mice were arbitrarily
ﬁxed at 100%. *P< 0.05; **P< 0.01. (D) Quantiﬁcation of the number of tubules with biotin inﬁltration; quantiﬁcation of the number of
tubules with TUNEL-positive spermatids; and quantiﬁcation of the number of tubules with misoriented spermatids. For all parameters, 100 semi-
niferous tubules per mice were analyzed after 4 months in WT and Tgr52/2 mice fed a control or CA diet (n5 6-15 per group). Data are
expressed as the means6 standard error of the mean. *Denotes signiﬁcant difference from the control diet group for the same genotype
(*P< 0.05 and **P< 0.01). (E) Immunoblotting of Cx43 and N-cadherin performed on testicular protein extracts of WT and Tgr52/2 mice fed
a control or CA diet for 2 months (n5 10-15 per group). (F) Quantiﬁcation of Cx43 and N-cadherin protein accumulations, compared to actin.
Data are expressed as the means6 standard error of the mean. *Denotes signiﬁcant difference from the control diet group for the same geno-
type (P< 0.05).



























(Suppl. 1E). Interestingly, Tgr52/2 males displayed a
similar alteration of Igf1 mRNA accumulation after
CA diet exposure (Fig. 5D). These results suggest that
Igf1 is not critically involved in the initiation of the
reproductive disorders.
The Effect on Cell-Cell Interactions Is Mediated,
in Part, Through Activation of TGR5 in Germ Cells
by Testicular Bas. We then analyzed whether BAs can
directly act through TGR5 in the testis. Using a
ﬂuorescein-coupled BA (Fig. 6A),29 we observed that
BAs were able to reach the testis by blood circulation
and were mainly localized in the interstitial compart-
ment in mice with an intact BTB. In contrast to males
of the control group, males fed for 4 months with a CA
diet displayed ﬂuorescence within the seminiferous epi-
thelium (Fig. 6B). Using MS, we demonstrated that BA
levels were increased in WTmales exposed to a CA diet
(Fig. 6C). A similar increase was observed in Tgr52/2
males after BA exposure (Supporting Fig. 3A). Altered
fertility was correlated with IT levels of DCA (Fig. 6D).
Because of the lack of reliable Abs to detect mouse
TGR5 in testes by IHC, we analyzed the expression pat-
tern of testicular Tgr5 using the classical ontogeny
approach. Unlike the somatic markers, Fshr (SCs) and
Lhcgr (Leydig cells), whose expression peaked at 5 and 25
dpn, respectively, Tgr5, as well as the germ cell marker,
Fig. 5. Systemic effects are not involved in fertility disorders mediated by Tgr5. (A) Relative plasma testosterone levels in WT and Tgr52/2
mice fed a control or CA diet for 1 month (n5 6-10 per group). (B) Seminal vesicle weights normalized to body weight in WT and Tgr52/2
mice fed a control or CA diet for 1 month (n5 6-20 per group). (C) Hepatic mRNA expression of Ugt2b34 and Cyp3a11 normalized to b-actin
mRNA levels in whole testis of WT and Tgr52/2 mice fed a control or CA diet for 0.5 month (n5 6 to 15 per group; *P< 0.05). (D) Hepatic
mRNA expression of Igf1 normalized to b-actin mRNA levels in WT and Tgr52/2 mice fed a control or CA diet for 15 days (n5 6 per group). In
all panels, control diet groups were arbitrarily ﬁxed at 100%. In all panels, data are expressed as means6 standard error of the mean. Statisti-
cal analysis: *P< 0.05; **P< 0.01; ***P< 0.005.



























G9a, progressively accumulated over time (Fig. 6E). This
may point to the possibility that Tgr5 is expressed in
germ cells. We also analyzed Tgr5 in a model of germ
cell loss (Fig. 6F and Supporting Fig. 3B).24 Germ cell
loss induced by busulfan exposure and subsequent recolo-
nization of the epithelium were conﬁrmed by analyzing
the weight and histology of the testis (Supporting Fig.
2B) as well as by analyzing speciﬁc markers of Sertoli
(Fshr), Leydig (Lhcgr), and germ cells at different steps of
spermatogenesis (Nanos, Ccna1, and Smad6; Fig. 6F).
The expression pattern indicated that in vivo Tgr5 is
mainly expressed in germ cells (Fig. 6F). In addition, as
for the germ cell marker, G9a, Tgr5 mRNA expression
was detected in puriﬁed spermatocytes (Fig. 6G).
To determine whether BAs can act directly on germ
cells through TGR5, we exposed the germ cell line,
GC1spg, to a panel of TGR5 agonists, including
LCA,30 OA,31and DCA30 (Fig. 7A). Interestingly, all
agonists repressed Cx43 protein accumulation at con-
centrations that were in line with the reported EC val-
ues (Fig. 7A). Moreover, introduction of a speciﬁc
siRNA directed against Tgr5 (Supporting Fig. 4A)
abolished the reduction of Cx43 by DCA (Fig. 7B).
Moreover, in untreated cells, Tgr5 silencing induced
Fig. 6. Intratesticular BAs and expression of Tgr5 in germ cells support the hypothesis of an active signaling pathway in the testis. (A) Analyses
of BA localizations in the testis, as monitored by the IP injection of cholyl-lysyl-ﬂuorescein (CLF; 0.6 mg/mice) or vehicle (phosphate-buffered saline
[PBS] 13) for 30 minutes. Representative micrographs of the stained testes of PBS- or CLF-injected mice. The original magniﬁcation was 2003.
(B) Analyses of BA localizations in the testis, as monitored by IT injection of CLF (0.6 mg/mice) for 30 minutes in mice fed a control or CA diet for
4 months. Representative micrographs of the stained testes of PBS- or CLF-injected mice. The original magniﬁcation was 2003. (C) IT BA pool size
and composition in mice fed a control or CA diet for 0.5 or 4 months (n5 5 per group). (D) Correlation of the number of pups per litter with the
concentration of IT DCA concentration. (E) Testicular mRNA accumulation of Tgr5, G9a, Lhcgr, and Fshr normalized to b-actin mRNA levels in whole
testes of C57BL/6J from 1 to 75 days old. Data are expressed as the means6 standard error of the mean. (F) Testicular mRNA accumulation of
Lhcgr, Fshr, Nanos, Ccna1, Smad6, and Tgr5 normalized to b-actin mRNA levels in whole testes of C57BL/6J mice treated with busulfan (20 mg/
kg, one injection IP) at T0, 4, or 8 weeks (n5 8 per group). Data are expressed as means6 standard error of the mean. *Denotes signiﬁcant dif-
ference from the T0 time point; #denotes signiﬁcant difference from the 4-week time point (P< 0.05). (G) mRNA accumulation of Lhcgr, Fshr, G9a,
and Tgr5 normalized to b-actin levels in puriﬁed spermatocytes of adult C57BL/6J mice.



























an increase of Cx43 mRNA accumulation, compared
to siGfp (Suppl. 4B).
The Cx43 gene has been reported to be repressed by
several transcription factors, including TBX2.33 Consist-
ent with the kinetics of Cx43 regulation, Tbx2 expression
was induced 6 hours after DCA exposure (Supporting Fig.
4C) and remained increased up to 24 hours (Fig. 7C).
Induction of Tbx2 mRNA was absent in cells transfected
with siTgr5, compared with cells transfected with control
siGfp (Fig. 7C). Moreover, involvement of TBX2 was
conﬁrmed through use of a speciﬁc siRNA directed against
Tbx2 (Supporting Fig. 4D) that prevented the effects of
DCA onCx43 expression (Fig. 7D). Consistent with these
cell-based studies, Tbx2 mRNA also accumulated in vivo
in the testis after 2 weeks of the CA diet (Fig. 7E), whereas
Cx43 mRNA accumulation decreased (Supporting Fig.
1E). Moreover, these effects were lost in Tgr52/2 mice
(Fig. 7E), supporting the hypothesis of a DCA-TGR5-
Tbx2-Cx43 signaling axis.
Discussion
Here, we demonstrated that chronic exposure to ele-
vated BA levels leads to reduced male fertility along
with signiﬁcantly lower production of spermatozoa.
We demonstrated that mice fed a diet supplemented
Fig. 7. TGR5 controls Cx43 accumulation through a TBX2 pathway. (A) Cx43 protein accumulation levels normalized to actin in the GC1spg
germ cell line exposed to vehicle (ethanol) or DCA, LCA, or OA over 24 hours (n5 18 per group). Vehicle-treated cells were arbitrarily ﬁxed at
100%. (B) mRNA expression of Cx43 normalized to b-actin levels in GC1spg germ cell lines transfected with siGfp or siTgr5 and exposed to vehi-
cle or DCA during 24 hours (n5 15 per group). *Denotes difference from the siGfp vehicle group; #denotes difference from the siGfp DCA
group. siGfp vehicle-treated cells were arbitrarily ﬁxed at 100% for each siRNA condition. (C) mRNA expression of Tbx2 normalized to b-actin lev-
els in GC1spg germ cell lines transfected with siGfp or siTgr5 and exposed to vehicle or DCA during 24 hours (n5 15 per group). Vehicle-
treated cells were arbitrarily ﬁxed at 100% for each siRNA condition. (D) mRNA expression of Cx43 normalized to b-actin levels in GC1spg germ
cell line transfected with siGfp or siTbx2 and exposed to vehicle or DCA over 24 hours (n5 12 per group). Vehicle-treated cells were arbitrarily
ﬁxed at 100% for each siRNA condition. (E) Testicular mRNA expression of Tbx2 normalized to b-actin mRNA levels in whole testes of WT and
Tgr52/2 mice fed a control or CA diet for 15 days (n5 12 to 20 per group). Control diet groups were arbitrarily ﬁxed at 100%. In all panels,
data are expressed as means6 standard error of the mean. *P< 0.05; **P< 0.01; ***P< 0.005.



























with CA exhibit germ cell sloughing and BTB rupture,
as well as apoptosis of spermatids, and that these effects
are reversed in mice deﬁcient for Tgr5. These results
strongly indicate that constitutively active BA-TGR5
signaling may alter testicular epithelium integrity. The
morphological abnormalities, exempliﬁed by cell detach-
ment and destructured tubules, that are observed after
long-term treatment with BAs are, in fact, highly remi-
niscent of the infertility observed in humans and mouse
models after portacaval shunting34 or exposure to endo-
crine disruptors,35,36 suggesting that these alterations
might be involved in the observed altered reproductive
functions induced by the CA diet.
Although CA-fed animals displayed lower plasma tes-
tosterone levels, most likely the result of altered hepatic
catabolism of testosterone, the lack of any effect of CA
exposure on testicular testosterone synthesis was rather
unexpected. We previously reported that the BA-
responsive nuclear receptor, FXR-a, represses testicular
steroidogenesis after short exposure to FXR-a synthetic
agonists.9 This apparent discrepancy might be related to
the difference in the potency of CA diet and GW4064
in activating FXR-a or, alternatively, may depend on
duration of treatment, which was signiﬁcantly different
between both studies.9 Furthermore, the absence of any
major difference in IT testosterone synthesis was con-
sistent with our germ cell phenotype. In fact, it has
been well established that a decrease in IT testosterone
triggers apoptosis during the stage of spermatocyte
development,20 whereas, in our study, apoptosis was
detected in spermatids.
Our study revealed that Tgr5 is expressed within the
germ cell lineage, where it represses Cx43 expression
through regulation of the transcriptional repressor,
Tbx2. Numerous studies have highlighted the impor-
tance of Cx43 and N-cadherin in testicular physiology
to maintain the number of germ cells.37-40 Based on
our ﬁndings, we propose that the concomitant decrease
of Cx43 and N-cadherin may account for germ cell
sloughing and BTB alteration after BA exposure. This
function of TGR5 in germ cells is consistent with
recent studies indicating that interactions between SCs
and germ cells (spermatids) can perturb BTB integ-
rity.5,6 Moreover, animals treated with BAs presented
incorrectly oriented spermatids, which could also be
associated with spermatid apoptosis.7
Even though systemic factors, such as testosterone
and IGF-1, can, in theory, induce male infertility, our
data rather disfavor this possibility in our model.
Instead, the results obtained from our studies in
Tgr52/2 males support the idea that BAs could
directly affect testicular physiology through TGR5 in
germ cells. Indeed, we observed that BAs are present
in the testis and that their concentrations are increased
under CA-diet exposure. Such an increase was
observed in both Tgr51/1 and Tgr52/2 males. This
suggests that the lower response to the CA diet in the
testes of Tgr52/2 mice in terms of N-cadherin and
Cx43 protein accumulation was not the result of
altered BA levels, but rather the absence of an active
TGR5-signaling pathway. It is interesting to note that
DCA is the BA displaying the highest fold increase
after CA-diet exposure in the testes. Of all naturally
occurring BAs, DCA is one of the most potent ago-
nists for TGR5.30,31 This ﬁnding is consistent with a
role for TGR5 in the CA-induced deleterious effects
on testis physiology. DCA is a secondary BA that orig-
inates from the intestinal transformation of CA by
bacterial ﬂora, suggesting that an intact enterohepatic
cycle is required to induce the testicular-deleterious
effects. Intriguingly, DCA plasma and IT concentra-
tions were negatively correlated with the number of
pups per litter from CA-exposed males, further corrob-
orating the importance of DCA in this process. Addi-
tional studies will be necessary to conﬁrm whether
DCA may have similar effects on male fertility and
function in humans.
Our work suggests a key role for TGR5 within the
testis where TGR5 may potentially be activated by
BAs in pathological conditions with increased BA lev-
els, but the physiological ligands remain to be deﬁned.
However, it is interesting to note that TGR5 has been
demonstrated to be activated by some steroids that
may be relevant in testicular physiology, such as
androsterone and androstandiol, which may be natural
testicular ligands of TGR5.31 More work will be
required to assess the contribution of these steroids to
TGR5 function during testicular development and
physiology. Finally, it is worth mentioning that several
correlations exist in humans between liver diseases and
altered male fertility.41,42 Given that many liver dis-
eases are characterized by a severely impaired BA
homeostasis, it is tempting to speculate that pathologi-
cal BA levels in serum may initiate testicular altera-
tions during the early stages of liver dysfunction and
subsequently promote subfertility. In this context,
plasma BA concentrations and pool composition may
offer promising tools for early diagnosis of testicular
subfertility in patients with liver diseases. Although
more human studies are warranted to corroborate this
correlation in humans, our mouse studies provide
strong indications for a deleterious effect of chronic
BA exposure on testicular pathophysiology and fertility
disorders.
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throughout adulthood via the
nuclear receptor SHP
Aurelie Vega, Marine Baptissart, Emmanuelle Martinot, Jean-Paul Saru,
Silve`re Baron, Kristina Schoonjans & David H Volle†
†INSERM U 1103, Genetique Reproduction et Developpement, Aubie`re Cedex, France
Background: Liver physiology is sensitive to estrogens, which suggests that
the liver might be a target of estrogenic endocrine disrupters (EED). However,
the long-term consequences of neonatal exposure to EED on liver physiology
have rarely been studied. The nuclear receptor small heterodimer partner
(SHP) mediates the deleterious effects of neonatal exposure to diethylstilbes-
trol (DES) on male fertility.
Objectives: As SHP is involved in liver homeostasis, we aimed to determine
whether neonatal estrogenic exposure also affected adult liver physiology
through SHP. Male mouse pups were exposed to DES in the first 5 days of life.
Results: DES exposure leads to alterations in the postnatal bile acid (BA) syn-
thesis pathway. Neonatal DES-exposure affected adult liver BA metabolism
and subsequently triglyceride (TG) homeostasis. The wild-type males neona-
tally exposed to DES exhibited increased liver weight and altered liver histol-
ogy in the adult age. The use of deficient male mice revealed that SHP
mediates the deleterious effects of DES treatment. These long-term effects
of DES were associated with differently timed alterations in the expression
of epigenetic factors.
Conclusions: However, the molecular mechanisms by which neonatal expo-
sure persist to affect the adult liver physiology remain to be defined. In con-
clusion, we demonstrate that neonatal DES exposure alters adult hepatic
physiology in an SHP-dependent manner.
Keywords: estrogenic endocrine disrupter, liver, small heterodimer partner
Expert Opin. Ther. Targets [Early Online]
1. Introduction
The small heterodimer partner (SHP, also known as NR0B2) is a member of the
nuclear receptor (NR) superfamily and has been demonstrated to play important
roles in liver physiology. SHP is primarily known for its functions in the regulation
of bile acid (BA) homeostasis. This role was unequivocally established by the
characterization of Shp-deficient mouse models [1,2]. Additionally, SHP also regu-
lates hepatic gluconeogenesis [3,4] and lipid metabolism [5]. SHP is an atypical NR
that lacks a DNA-binding domain [6] whose functions have been linked to its ability
to repress the transcriptional activity of other NRs such as the liver homolog-1
(LRH-1; NR5A2) [7] and the liver X receptora (LXRa; NR1H3) [8]. Additionally,
several lines of evidence have highlighted the crosslinks between SHP and the estro-
gen signaling pathways. SHP interacts and inhibits the transcriptional activity of the
estrogen receptors (i.e., Era/b and Nr3a1/2) [9]. Additionally, Shp is a direct target
10.1517/14728222.2014.964209 © 2014 Informa UK, Ltd. ISSN 1472-8222, e-ISSN 1744-7631 1

















































































gene of both ERs [10]. Moreover, a portion of the estrogenic
effects of diethylstilbestrol (DES) in the testis might be
mediated through SHP [11].
The liver has been defined as a target of estrogenic signaling
pathways. Estrogens have bivalent effects on liver physiol-
ogy [12]. Some positive effects have been reported; for exam-
ple, total estrogen receptor alpha (ER-a) knockout mice
exhibit hepatic insulin resistance [13,14]. The loss of ER-a in
the liver has also been associated with hepatic steatosis and
inflammation [15]. Estrogens can inhibit CCl4-induced
hepatic injury through the induction of hepatic miR-29 [16].
Moreover, estrogens have a protective effect against the
development of liver cancer [17]. However, deleterious effects
of estrogens have also been reported; for example, estrogen
have been associated with cholestasis pathology [18,19].
Estrogen-induced cholestasis is a common form of cholestasis
syndromes [20]. Estrogen-induced hepatotoxicity in rodent
models is mediated through hepatic ER-a [12]. Moreover,
5 days of exposure to supra-physiological doses of 17a-
ethynylestradiol (EE2) altered synthesis pathways and uptake
and efflux of BAs and cholesterol in mice [19,21].
In utero and/or early postnatal development has been dem-
onstrated to be highly sensitive to exposure to estrogen-like
EDs such as estradiol benzoate and DES [22]. To define the
involvement of SHP in the effects of estrogenic EDs on liver
physiology, wild-type (Shp+/+) and Shp null (Shp-/-) males
were exposed to DES during early post-natal life. Here, we
show that at early postnatal ages, DES exposure affected the
BA synthesis pathway. Additionally, in adulthood, the DES-
treated males exhibited increases in liver weight that were cor-
related with higher proliferation rates. Neonatal exposure to
DES also affected adult BA metabolism and subsequently
affected triglyceride (TG) homeostasis. These effects are
mediated through the regulation of genes involved in BA
synthesis, efflux, and/or catabolism. The persistence of neona-
tal exposure in adult physiology was associated with the
altered expression of several epigenetic factors. These adult
effects were mediated by SHP, as evidenced by the finding




The mice used have been previously described [7], were main-
tained on a mixed 129sv/C57BL/6J background (50 -- 50%),
and were housed in temperature-controlled rooms on a 12 h
light/dark cycle. Based on the previous studies [19,11], the
mice were treated (subcutaneous injection) on the first
5 days of life (5 μl per day) with vehicle (corn oil, MP Bio-
medicals, France) or DES (0.75 or 5 μg/pup/day; Sigma
Aldrich, L’Isle d’Abeau, France). The mice were sacrificed
either at postnatal 10 day or at 10-weeks old.
This study was conducted in accordance with the current
regulations and standards approved by the Animal Care
Committee (CEMEA Auvergne; based on the protocol CE
59-12). The protocol was performed as documented previ-
ously (28).
2.2 Histology
The livers were collected, formalin-fixed, and embedded in
paraffin, and 5-μm-thick sections were prepared and stained
with hematoxylin/eosin (n = 6 -- 10 animals per group).
2.3 Immunohistochemistry
Paraffin sections of PFA-4% fixed liver were sectioned at 5 μm.
The sections were mounted on positively charged glass
slides (Superfrost plus), deparaffinized, rehydrated, treated for
20 min at 93 -- 98C in citric buffer (0.01 M, pH 6), rinsed
in osmosed water (2  5 min), and washed (2  5 min) in
Tris-buffered saline. Immunohistochemistry was conducted
according to the manufacturer’s recommendations as described
earlier [23]. The slides were then counterstained with Hoestch
medium (1 mg/ml). The Ki-67 antibody (M3064, Spring Bio-
science, Pleasanton, CA) was used.
2.4 BA measurements
Liver BAs were analyzed in acetonitrile-deproteinized sam-
ples [24]. The qualitative measurements of the BAs in the liver
extracts were performed using CrystalChem (Downers Grove,
IL, USA) ELISA kits (Cat# 80470) following the man-
ufacturer’s recommendations.
2.5 Triglyceride measurements
The liver lipids were extracted as previously described [25]. The
TGs were measured using a commercial kit (Diagnostic Sys-
tem, Holzheim Germany).
2.6 Real-time RT-PCR
RNA from the liver samples was isolated using Nucleospin
RNA L (Macherey-nagel, Hoerdt, France). cDNA was
synthesized from the total RNA with the MMLV reverse tran-
scriptase and random hexamer primers (Promega, Charbon-
nie`re Les Bains, France). The real-time PCR measurements
of the individual cDNAs were performed using SYBR green
dye (Master mix Plus for SYBR Assay, Eurogentec, Angers,
France) to measure the duplex DNA formation with the
EppendorfRealplex system. The sequences of primers are
reported in the supplemental data as Supplemental Table 1.
Standard curves were generated with pools of liver cDNAs
from the animals with different genotypes and/or treatments.
The results were analyzed using the DDct method.
2.7 Western blot
Proteins were extracted from the tissues using lysis buffer
containing the following: 20 mM HEPES, 400 mM NaCl,
1 mM MgCl2, 200 μM EDTA in 25% de glycerol, and 1X
protease inhibitors (Roche Diagnostics, Meylan, France).
The antibodies used in this study were as follows: ACTIN
(Sigma Aldrich A2066) and CYTOKERATINE-8 (CK8)
A. Vega et al.

















































































(Santa-Cruz, sc-52324). These antibodies were used in TBS,
0.1% tween and 10% milk.
2.8 Statistics
For statistical analysis, 2-way ANOVAs were performed.When
significant effects of treatment or genotype or their interactions
were obtained, multiple comparisons were made with Tukey’s
test. All numerical data are presented as the means ± the
SEMs. A p value < 0.05 was considered significant.
3. Results
3.1 Neonatal exposure to DES altered the BA
synthesis pathway
The hepatotoxicity induced by estrogenic compounds in the
adult has been associated with alterations of the expressions
of genes involved in BA synthesis [19]. Consistent with these
results, neonatal exposure to DES at both of the doses used
induced decreases in mRNA accumulation of Cyp7a1 and
Cyp8b1, whereas the expression of Cyp7b1 was increased
(Figure 1A). Interestingly, these effects of neonatal DES
exposure were less pronounced in the Shp-/-males, as Cyp7a1
and Cyp8b1 were affected only at the dose of 5 μg of DES
in these animals (Figure 1A and B).
3.2 Neonatal exposure to DES alters adult BA
xenobiotic metabolism
Neonatal endocrine disrupter (ED) exposure has been dem-
onstrated to induce abnormalities in adult that result in differ-
ent pathologies such as infertility [26,27]. We wondered similar
effects could be observed regarding liver physiopathology.
Thus, we measured liver BA levels in response to DES expo-
sure. The BA concentrations were significantly increased by
both doses of DES in the Shp+/+ mice but not in Shp-/- mice
(Figure 2A). BA homeostasis could potentially be altered at
several levels, including synthesis, uptake and/or efflux.
Because the effects of DES on BA levels were observed with
the lower dose used (0.75 μg), we decided to focus on this
dose to decipher the involved mechanisms. Neonatal exposure
to 0.75 μg of DES was associated with decreased expression of
genes involved in BA synthesis and those encoding cyto-




































































Figure 1. Neonatal exposure to DES alters expression of genes involved in bile acid synthesis. mRNA expression of Cyp7a1,
Cyp8b1, and Cyp7b1 normalized to b-actin levels in liver of 10 day-postnatal Shp+/+ and Shp-/- mice exposed neonatally to
vehicle, 0.75 μg or 5 μg of DES. mRNA expression of Cyp7a1, Cyp8b1, and Cyp7b1 normalized to b-actin levels in liver of
10 day-postnatal Shp+/+ and Shp-/- mice exposed neonatally to vehicle, 0.75 μg or 5 μg of DES. In all of the panels data are
expressed as the means ± SEM. Statistical analysis: *p < 0.05 versus control diet group; n = 6 -- 10 per group.
DES: Diethylstilbestrol.
Estrogenic endocrine disrupter alters liver physiology

















































































no effect on Cyp7a1 mRNA accumulation was observed
(Figure 2B). No alterations were observed in terms of
mRNA accumulation of the Na+-taurocholate-cotransporting
polypeptide (Ntcp), which is a protein that is, involved in BA
uptake (Figure 2B). Additionally, DES affected the efflux of
BA either in the bile or in the circulation as evidenced by
the decreased expressions of Organic anion transporting poly-
peptide 4 (Oatp4), ATP-binding cassette sub-family c member
3 (Abcc3), Abcc2, Abcc1a, and Abcb11 (Figure 2B). Finally,
BA and xenobiotic homeostases might also have compromised
as shown by the accumulation of the mRNAs of genes
involved in their catabolism. UDP glucuronosyltransferase
2 family, polypeptide B34 (Ugt2B34), Cyp3a4, and Cyp2b10
were decreased specifically in the wild-type males treated
with DES (Figure 2B).
The main role of SHP in these alterations of metabolism
following DES exposure is supported by the lack of effects
on the liver BA levels and on most of the analyzed genes in
the Shp-/- males (Figure 2A and B).
3.3 Neonatal exposure to DES alters TG metabolism.
We then sought to define the effects of the
increased hepatic BA levels
In the liver, TG synthesis has been defined to be a target of
BA through the FXR-SHP-LXR-Srepb1c pathway [5]; thus,
we analyzed TG homeostasis in livers exposed to DES. At
the molecular level, the mRNA accumulations of Diglyceri-
deacyltransferases 1 and 2 (Dgat1/2), Fatty-acid synthase








































































































































Figure 2. Neonatal exposure to DES alters adult bile acid metabolism. A. Liver relative concentrations of bile acids of adult
Shp+/+ and Shp-/- mice exposed neonatally to vehicle, 0.75 μg or 5 μg of DES. B. mRNA expression of Cyp7a1, Cyp7b1, Cyp8b1,
Cyp27a1, Ntcp, Oatp4, Abcc3, Abcc2, Abc1a, Bsep, Cyp2b10, Cyp3a11, and Ugt2b34 normalized to b-actin levels in liver of
adult Shp+/+ and Shp-/- mice exposed neonatally to vehicle or 0.75 μg of DES. In all of the panels data are expressed as the
means ± SEM. Statistical analysis:*p < 0.05 versus control diet group; n = 6 -- 10 per group.
A. Vega et al.

















































































compared to the control group (data not shown). In contrast,
the mRNA accumulations of Sterol Regulatory Element-
Binding Protein1c (Srebp1c), Stearoyl-coA-desaturase 1 and
2 (Scd1 and Scd2) were found to be decreased in the DES-
treated Shp+/+ animals (Figure 3A). The expressions of the
studied genes were not altered following DES exposure in
the Shp-/- males (Figure 3A). Consistent with the gene expres-
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Figure 3. Neonatal exposure to DES alters adult TG metabolism. A. mRNA expression of Srepb1c, Scd1, and Scd2 normalized
to b-actin levels in liver of adult Shp+/+ and Shp-/- mice exposed neonatally to vehicle or 0.75 μg of DES. B. Liver relative
concentrations of TGs of adult Shp+/+ and Shp-/- mice exposed neonatally to vehicle or 0.75 μg of DES. C. a: representative
micrographs of hematoxylin/eosin-stained liver of adult Shp+/+ and Shp-/- mice exposed neonatally to veh or 0.75 μg of DES.
Arrows indicate lymphocytes infiltration. b: representative micrographs of Trichrome de asson-stained liver of adult Shp+/+
and Shp-/- mice exposed neonatally to vehicle or 0.75 μg of DES. Arrows indicate fibrotic area. c: representative micrographs of
Ki67-stained liver of adult Shp+/+ and Shp-/- mice exposed neonatally to vehicle or 0.75 μg of DES. D. Immunoblot of
CK8 protein accumulations compared to ACTIN performed on liver of adult Shp+/+ and Shp-/- mice exposed neonatally to
vehicle or 0.75 μg of DES. Quantification of CK8 protein accumulations compared to ACTIN. E. Quantification of the number
of Ki-67 stained cells per slide in adult Shp+/+ and Shp-/- mice exposed neonatally to vehicle or 0.75 μg of DES. In all of the
panels data are expressed as the means ± SEM. Statistical analysis: *p < 0.05 versus control diet group; n = 6 -- 10 per group.
CK8: Cytokeratine 8; DES: Diethylstilbestrol.
Estrogenic endocrine disrupter alters liver physiology

















































































upon DES exposure, whereas no effect was observed in the
Shp-/- mice (Figure 3B).
3.4 Neonatal exposure to DES alters adult liver
histology
To continue the phenotyping of the livers exposed to DES,
we analyzed them at the histological level. Neonatal exposure
of the Shp+/+ and Shp--/-- males to DES produced no signifi-
cant effects on adult body weight even at the high dose of
DES (Supplemental Figure 1A). DES exposure led to a
significant increase in liver weight in the Shp+/+, whereas
no significant effect was observed in the Shp--/-- males even
at the higher dose of DES (Supplemental Figure 1A). In
the 10-week-old adult Shp+/+ mice that were neonatally
exposed to DES, the livers exhibited morphological altera-
tions including the infiltration of lymphocytes (Figure 3C)
and the presence of fibrotic areas (Figure 3C). These findings
were further supported by the increased expression of CK8, a
marker of liver injury (Figure 3D). The same results were
obtained for the higher 5 μg dose (Figure 3D). No effects
on the Shp-/- mice were observed even at the 5 μg DES
dose (Figure 3C and D).
The increase in liver weight could have resulted from
several mechanisms. No effect of DES exposure was observed
on the rates of apoptosis in either the Shp+/+ or Shp-/- males
(data not shown). In contrast, immunochemistry for Ki-67,
a marker of the cell cycle, revealed that the livers of the
Shp+/+ DES-treated group exhibited a greater proliferation
rate compared to the vehicle-treated animals (Figure 3C).
The Shp-/- males exhibited reduced sensitivity to DES
exposure because the proliferation rate was not increased in
these animals (Figure 3E).
3.5 The expressions of several NRs involved liver
physiology are sensitive to neonatal exposure
to DES
To define the altered signaling pathways that were potentially
involved in the effects on DES on the liver, we studied the
expressions of different NRs that are known to play critical
roles in this process. In the wild-type males, no effects were
observed on the mRNA accumulations of Er-a, Lrh-1, Lxra
or Lxrb. In contrast, the mRNA accumulations of Hepatocyte
Nuclear Factor-4 (Hnf4), Shp, and Fxra were significantly
decreased in DES-treated groups (Figure 4A). Additionally,
the expressions of Car and Pxr, which are two NRs that are
responsive to DES, were found to be decreased in the Shp+/+
males. No effects were observed in the Shp-/- males.
3.6 The expressions of epigenetic factors are
sensitive to neonatal exposure to DES
It could be hypothesized that the altered liver metabolism in
the early postnatal age are responsible for the alterations in
adult. However, the low sensitivity of the Shp-/- males to
DES-treatment during postnatal development does not favor
of this hypothesis. Indeed, the effects of 5 μg DES on the
expressions of Cyp7a1, Cyp7b1, and Cyp8b1 in the 10dpn
Shp-/- males were not associated with altered BA levels in the
adults. These findings suggest that other SHP-dependent
mechanisms must be involved. As epigenetic mechanisms
have been demonstrated to be key factors in the long-term

















































Figure 4. Neonatal exposure to DES alters mRNA accumulation of several nuclear receptor involved in liver physiology.
mRNA expression of Era, Fxra, Shp, Hnf4, Lxra, Lxrb, Lrh-1, Pxr, and Car normalized to b-actin levels in liver of adult Shp+/+ and
Shp-/- mice exposed neonatally to vehicle, 0.75 μg or 5 μg of DES. In all of the panels data are expressed as the means ± SEM.
Statistical analysis: *p < 0.05 versus control diet group; n = 6 -- 10 per group.
DES: Diethylstilbestrol.
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processes. The expressions of Euchromatic Histone-lysine N-
MethylTransferase 2 (Ehmt2; G9a), DNA methyltransferease-1
(Dnmt1), Dnmt2, and Dnmt3a were not affected by DES
exposure either at 10-days postnatal (dpn) or in adulthood
(Figure 5). Regarding histone modifications, the accumulation
of Enhancer of Zeste homolog-2 (Ezh2) mRNA was decreased
in the adult livers of the Shp+/+ males, whereas no effect was
observed at 10 dpn (Figure 5). Additionally, Dnmt3b mRNA
accumulation was found to be decreased in the DES-treated
Shp+/+ males at both of the ages studied. No effects were
observed in the Shp-/- mice (Figure 5). However, no modifica-
tions of global epigenetic markers were observed in the
DES-treated animals (data not shown) suggesting additionally
gene-specific alterations.
4. Discussion
Previous studies have reported the causal links between steroid
hormones (androgens and estrogens) and liver diseases such as
hepatocarcinoma [28] and cholestasis [29]. These relationships
suggest that steroid pathways might play important roles in
liver pathophysiology in the context of exposure to EDs.
The present study showed that neonatal exposure to an
estrogenic compound altered the expressions of the genes
involved in BA synthesis. Neonatal exposure to DES was asso-
ciated with decreases in Cyp7a1 and Cyp8a1 expression,
whereas Cyp7b1 expression was increased. Interestingly, these
effects were partly dependent on SHP because the as Shp-/-
males were sensitive to the higher dose of DES. These results
are consistent with those of previous study that showed that
the effects of DES treatment in early postnatal life on the testes
are SHP-independent [11]. These data suggest that SHP might
not be a critical factor in liver and testes physiology in the con-
text of estrogen exposure during early postnatal development.
In the adults, the involvement of SHP was supported by
the lack of effect of DES exposure on the Shp-/- males. In
the Shp+/+ males, the BA metabolism was altered by DES-
treatment through an effect on the BA synthesis pathway
and on the catabolism and efflux of the BAs. The altered liver
secretion of BAs was supported by the fact that the serum BA
levels were not altered (data not shown). The significance of
BA-elevation in liver was supported by the altered TG metab-
olism in response to neonatal exposure to DES.
Regarding the molecular signaling pathways, we demon-
strate that, in the Shp+/+ males, DES affected the expressions
of Shp, Fxra, and Hnf4, which are important regulators of
liver physiology [4,30]. Additionally, DES led to reduced
mRNA accumulations of the Constitutive Androstane Recep-
tor (CAR, NR1I3) and the Pregnane X Receptor (PXR;
NR1I2) in the Shp+/+ males, whereas no effects were observed
in the Shp-/- mice. These findings are consistent with the effect
of DES on Cyp3a4 and Cyp2b10, which are two target genes
of CAR or PXR [31,32].
It could be hypothesized that the altered liver metabolism in
the early postnatal age is responsible of the alterations observed
in adulthood. However, the sensitivity of the Shp-/- males to
DES-treatment during postnatal development does not favor

















































Figure 5. Neonatal exposure to DES alters mRNA accumulation of epigenetic factors. (A) mRNA expression of Dnmt3a,
Dnmt3b, Ezh2, G9a normalized to b-actin levels in liver of 10 dpn pups or 10-week-old Shp+/+ and Shp-/- mice
exposed neonatally to vehicle or 0.75 μg of DES. In all of the panels data are expressed as the means ± SEM.
Statistical analysis: *p < 0.05 versus control diet group; n = 6 -- 10 per group.
DES: Diethylstilbestrol.
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exposure and permanent alterations in liver physiology follow-
ing DES exposure, we analyzed epigenetic factors. Indeed, epi-
genetic mechanisms have been demonstrated to be key factors
of the long-term effects of EDs [27]. Moreover, key metabolic
genes involved in glucose and lipid metabolism are controlled
by epigenetic processes [33,34]. Similarly, some of the epigenetic
genes involved in histone modifications and DNAmethylation
were found to be altered following DES-exposure. Among
these genes, it has previously been demonstrated that the levels
of Dnmt3b are decreased in the seminal vesicles of animals
exposed to DES [35]. Interestingly it has been suggested that
alterations of Dnmt3b can modify liver metabolism [36]. To
decipher the molecular mechanisms involved in this process,
additional ChiP-seq experiments will be necessary to define
the specific target genes that are altered by the down-regulation
of Dnmt3b in the context of DES exposure.
The etiologies of liver pathologies remain difficult to estab-
lish. The significance of the effects of early postnatal exposures
on later adult outcomes of liver disease is supported by the fact
that the onsets of liver diseases are insidious, and there are often
latent periods between the occurrence of the disease and its
detection due to hepatic decompensation. Our results are inter-
esting regarding the hypothesis of the developmental origin of
health and diseases. Thus, the present work demonstrates that
the history of exposure to EDs during early life needs to be
taken into consideration as it affects adult liver physiology.
The present study supports this later effect of estrogenic
exposure on liver physiology as shown by the increases in liver
weight and CK8 protein accumulation following DES expo-
sure. Interestingly, CK8 is a marker of liver injury [37,38].
Additionally, the overexpression of CK8 has been described
in hepatocarcinomas in mice and humans [39,40]. Consistent
with this potential pro-carcinogenic property of CK8, we
showed that the livers of the mice that were exposed to DES
exhibited increased proliferation rates, which could predispose
them to cancer development at older ages.
This work leads us to propose a model for the actions
of estrogen-like ED on liver physiology at different ages
(Figure 6). As demonstrated previously for estrogens [19],





















Figure 6. Proposed model. Estrogen-like EDs act through the activation of ERa altering genes involved in BA synthesis which
in turn induced hepatotoxicity. Here we demonstrate that in neonatal age, these effects are SHP partly dependent suggesting
SHP-independent mechanisms (left part). Interestingly, the neonatal exposure is associated with impacts on adult liver
physiology as shown by altered BA and TG metabolisms as well as liver histology and proliferation rate. However, it could be
assume that these phenomena in adult are not due to the alteration of BA metabolism in neonatal life, as there is a clear
difference in the involvement of SHP at these different ages. This suggests that other mechanisms, may be through epigenetic
factors, could be involved.
BA: Bile acids; ED: Endocrine disrupter; SHP: Small heterodimer partner; TG: Triglyceride.
A. Vega et al.

















































































to alter genes involved in BA synthesis, which in turn induces
hepatotoxicity. Here, we demonstrated that, at the neonatal
stage and at the lower dose, these effects were partially depen-
dent on SHP (Figure 6, left part). Interestingly, the neonatal
exposure was associated with the effects on the liver physiol-
ogy as shown by the SHP-dependent alterations in BA and
TG metabolism and liver histology and proliferation rate.
However, we assume that these phenomena in the adult are
not completely determined by alterations of BA metabolism
during neonatal life, as there were clear differences in the
involvement of SHP at these different ages. Indeed, SHP is
a critical factor during adulthood (Figure 6, right part),
whereas this is less the case in early postnatal life.
Taken together, these data demonstrate that exposure to
estrogenic EDs during the neonatal period alters liver physiol-
ogy and could open a new field of research regarding the
developmental origin of adult liver diseases, such as steatosis,
cholestasis, and cancer. Moreover, we defined the role of
SHP as a critical factor in the link between neonatal estrogenic
signaling pathways and subsequent liver pathophysiology in
adulthood.
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The small heterodimer partner (NR0B2) is an atypical nuclear receptor knownmainly for its role in
bile acid homeostasis in the enterohepatic tract. We previously showed that NR0B2 controls tes-
ticular functions such as testosterone synthesis. Moreover, NR0B2 mediates the deleterious tes-
ticular effects of estrogenic endocrine disruptors leading to infertility. The endocrine homeostasis
is essential for health as it controls many physiological functions. This is supported by a large
numberof studiesdemonstrating thatalterationsof steroidactivity leadto severalkindsofdiseases
such as obesity and infertility. Within the testis, the functions of the Leydig cells are mainly con-
trolled by the hypothalamo-pituitary (HP) axis via luteinizing hormone/chorionic gonadotropin
(LH/CG). Here we show that LH/CG represses Nr0b2 expression through the PKA-AMPK pathway.
Moreover, using a transgenic mouse model invalidated for Nr0b2, we point out that NR0B2 me-
diates the repression of testosterone synthesis and subsequent germ cell apoptosis induced by
exposure to anti-GnRH compound. Together, our data demonstrate a new link between HP axis
andNR0B2 in testicularandrogenmetabolism,makingNR0B2amajoractorof testicularphysiology
in case of alteration of LH/CG levels.
Within the testis, Leydig cells ensure the synthesis ofvarious hormones. Androgens are involved in the
development of secondary sexual characters during pu-
berty and themaintenance of fertility in the adulthood (1).
Testosterone controls germ cell proliferation and survival
(2, 3). Steroidogenesis is a multistep process. First, cho-
lesterol is transported through the mitochondrial mem-
braneby steroidogenic acute regulatory protein (StAR) (4)
or peripheral benzodiazepine receptor (5). Then, choles-
terol side chain is cleaved by cytochrome P450–11A1
(CYP11A1) producing pregnenolone (6). Several subse-
quent enzymatic reactions involving 3-hydroxy-steroid
dehydrogenase (3HSD) and cytochrome P450–17A1
(CYP17A1) allow the production of testosterone (7).
The control of the Leydig cell functions, including ste-
roidogenesis, is predominantly mediated by the hypo-
thalamo-pituitary-gonadal axis via luteinizing hormone
(LH)/chorionic gonadotropin (LH/CG) depending on the
considered species (7). This results in de novo protein syn-
thesis such as StAR (8). Under acute effect of LH/CG, free
cholesterol is transferred to the inner membrane of mito-
chondria. Chronic stimulation leads to the expression of
Cyp11a1, 3hsd and Cyp17a1 (9). Among multiple sig-
naling pathways, LH/CG stimulates cAMP production,
which in turn regulates expression of steroidogenic en-
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zymes in Leydig cells. cAMP acts through a variety of
transcription factors, including steroidogenic factor-1
(SF-1;NR5A1) (10), dosage-sensitive sex reversal, adrenal
hypoplasia critical region, on chromosome X, gene 1
(DAX-1; NR0B1) (11), liver X receptor- (LXR;
NR1H3) (12, 13), CCAAT/enhancer-binding protein-
(C/EBP) (14), liver receptor homolog-1 (LRH-1;
NR5A2) (15), Nur77 (Nerve Growth factor IB (NGFIB);
NR4A1) (16), and cAMP Response Element-binding pro-
tein (CREB) (17).
In a classical negative feed-back loop, the steroids pro-
duced by the testis, namely testosterone and estrogens,
inhibit the secretion of GnRH by the hypothalamus and
then the production of gonadotropins (LH and FSH). Ste-
roids also inhibit LH secretion directly at the pituitary
levels.
The small heterodimer partner (NR0B2, SHP) is a
member of the nuclear receptor superfamily (18). Func-
tions of NR0B2 have been linked to its ability to repress
the transcriptional activity of other nuclear receptors such
as NR5A2 (19, 20). In addition to the liver, Nr0b2 has
been demonstrated to be expressed in the testis. From pu-
berty Nr0b2 is expressed in interstitial cells (21). It re-
presses steroidogenesis by limiting the expression of Star,
Cyp11a1 and 3hsd. NR0B2 inhibits the expression of
steroidogenic genes, on one hand by inhibiting the expres-
sion of the nuclear receptors Nr5a1 and Nr5a2, and on
other hand by directly repressing the transcriptional ac-
tivity of NR5A2 at least on the promoter of Star and
Cyp11a1 genes (21). This was supported by the higher
testosterone levels inNr0b2-/-males compare toNr0b2/
mice (21). This effect is mainly due to the intrinsic testic-
ular role ofNR0B2, asNr0b2-/-males havenormal plasma
LH levels and normally respond to LH/CG stimulation
(21). However, NR0B2 mediates testicular deleterious ef-
fects of estrogenic endocrine disrupters such as diethyl-
stilbestrol (DES) or estradiol benzoate (EB) (22). An in-
teresting point is the lack of effect of EB in Nr0b2-/- males
as neonatal exposure to EB has been demonstrated to re-
duceplasmaLHconcentration (23).Combined, thesedata
suggest thatNr0b2-/-Leydig cells should be resistant to the
deleterious effect of low LH levels. Surprisingly, the links
between NR0B2 and the LH/CG signaling pathways
within Leydig cells have never been studied so far.
Here, we show that Nr0b2 expression is regulated by
the hypothalamo-pituitary (HP) axis. In vivo treatment
with hCG results in the decrease of testicular Nr0b2
mRNAaccumulation. In vitro approaches, using thewell-
defined mouse Leydig MA10 cell line, demonstrate the
involvement of PKA-AMPK signaling pathways. Consis-
tently, we show that administration of an antagonist of
GnRH-receptor (AG) induces an increase of Nr0b2
mRNA accumulation leading to lower testosterone syn-
thesis. This suggests a potential role of NR0B2 in the tes-
ticular impact of HP axis on testicular physiology. This
was corroborated by the fact that Nr0b2 deficiency pro-
tects male mice against the harmful effect on germ cell
survival induced by an AG.
Materials and Methods
Animals. Mice used were previously described (21) and main-
tained on a mixed background (C57BL/6J/129sv), and were
housed in controlled temperature rooms with 12h light/dark cy-
cles, and had ad libitum access to food and water.
Mice were injected subcutaneously with hCG (5 IU, equiva-
lent to 1.42mM; Sigma-Aldrich, L’IsleD’Abeau, France) diluted
in NaCl 0.09%. Regarding anti-GnRH (AG-045 572, Tocris,
Bristol, UnitedKingdom) experiments,maleswere gavagedwith
10 mg/kg during 12 hours or 3 days, or with vehicle (methylcel-
lulose 1%, Sigma-Aldrich). This study was conducted in accor-
dance with current regulations and standards approved by In-
stitut National de la Santé et de la Recherche Médicale Animal
Care Committee.
Histology. Testes from 10-week-old mice were collected, for-
malin-fixed and embedded in paraffin, and 5 m-thick sections
were prepared and stained with hematoxylin/eosin (n  5–10
animals per group).
TUNELanalysis.TUNELexperimentswere performedas pre-
viously described (24) on 5-mof testis fixed in PFA4%. In each
testis, at least 100 random seminiferous tubules were counted.
Results are expressed as the number of TUNEL-positive cells per
100 seminiferous tubules.
Endocrine investigations. Testosterone concentration was
measured on heparin-treated plasma. Intratesticular testoster-
onewas extracted as previously described (27). A commercial kit
(Assay Designs, Ann Arbor, USA) was used for the assays.
Real-Time RT-PCR. RNA from testis samples were isolated
using trizol® (Invitrogen Corporation, Carlsbad, CA). cDNA
was synthesized from total RNA with the SuperScript II First-
Strand Synthesis System (Life Technologies, Saint Aubin,
France) and random hexamer primers. Real-time PCR measure-
ment of individual cDNAswas performed using SYBR green dye
tomeasure duplexDNA formationwith the EppendorfRealplex
system. Sequences of the primers were given in previous studies:
Actin, Star, Cyp11a1 (13), 36b4 (12), Nr0b2, Lrh-1 and Sf-1
(25). Standard curves were generated with pools of testis cDNA
from animals with different genotypes and/or treatments. Re-
sults were analyzed using the ct method.
Cell culture experiments. MA10 cells were previously used
(26) and were maintained at 37°C in an atmosphere of 5% CO2
with Waymouth (Life Technologies) containing 100 U/ml pen-
icillin and 100 g/ml streptomycin supplemented with 10%
horse serum. On d0, MA10 cells were seeded at 400 103 cells




























per well in 6-well plates and allowed to adhere overnight. The
following day, cells were washed twice with 1 PBS, and me-
dium without serum was applied with various ligands or vehi-
cles. For hCG experiments vehicle was NaCl 0.09%, for Fsk
(Sigma-Aldrich), 8BrcAMP (Sigma-Aldrich), PKI (R&D sys-
tem), H89 (Sigma Adrich), PD98095 (R&D system) vehicle was
DMSO (Sigma-Aldrich, 1/1000). Cells were harvested for
mRNA or protein extractions.
Transient transfections.Mouse and human Nr0b2 promoter
luciferase reporter plasmids have beenpreviously described (27).
Briefly, Nr0b2 regulatory sequences were cloned in PGL3 plas-
mid and correspond to sequence of –601 and1 base pairs (bp)
or –366 to 1 bp from the transcription initiation site. MA10
cells were transfected with lipofectamin (Invitrogen) in 24-well
plates.Nr0b2promoter luciferase reporter construct (90ng)was
transfected together with expression plasmid encoding for -ga-
lactosidase (90 ng). The quantity of DNA was maintained con-
stantbyadditionof emptypCMXvector toa total amountof240
ng of DNA per well. 24 hours after transfection, cells were
treated with vehicle, hCG or Fsk. Cells were harvested 4 hours
later and assayed for luciferase and -galactosidase activities.
Luciferase values were normalized to -galactosidase activity.
Western blot analysis. Protein extracts (30 g) from whole
testis or MA10 cells were subjected to SDS-PAGE and trans-
ferred onto a nitrocellulose membrane (Amersham Pharmacia
Biotech, Orsay, France). Membranes were incubated overnight
at 4°Cwith primary polyclonal antibodies raised against AMPK
(Cell Signaling #2532), P-AMPK (Cell Signaling #2531), ACC
(Cell Signaling #3662), P-ACC (Ser79) (Cell Signaling #3661) or
TUBULIN (1:30 000; from Sigma-Aldrich) (see antibody Table
1) followed by a 1-hour incubation with peroxidase-conjugated
antirabbit or antimouse IgG (1:10000; Sigma-Aldrich). Peroxi-
dase activity was detected using the Western Light System
(PerkinElmer Life Sciences, Courtaboeuf, France).
Statistical Analysis. Two-way analysis of variance (ANOVA)
was performed. When significant effects of treatment or geno-
type or their interactions were obtained, multiple comparisons
weremadewithTurkey’s test.All numerical data are represented
as mean  SEM. Significant difference was set at P  .05.
Results
hCG decreases Nr0b2 expression. To define in vivo the
potential link betweenNr0b2 and LH/CG signaling path-
way, we first analyzed the impact of LH/CG on Nr0b2
mRNA expression. 12 hours (hrs) treatment with 5 IU of
hCG resulted in a significant decrease in Nr0b2 mRNA
accumulation (Figure 1A). In the same line of evidence,
treatment of male mice with a GnRH-receptor antagonist
(AG-045 572; AG) induced Nr0b2 mRNA accumulation
(Figure 1B & Suppl. 1A). Note that Star mRNA accumu-
lations mirror those obtained for Nr0b2 (Figure 1A &
1B). To test whether LH/CG directly induces these effects
on Nr0b2 within the Leydig cells, we performed in vitro
analyses using thewell characterizedmouseMA10Leydig
cell line. Nr0b2 was decreased following hCG exposure
since a dose of 0.025ng; the highest effect was observed at
25 nM (Figure 1C). The effect of hCG on Nr0b2 accu-
mulation was observed since 2 hours up to 12 hours after
treatment (Figure 1D). As expected Star mRNA accumu-
lations mirror those obtained for Nr0b2 (Figure 1C &
1D).
Nr0b2 repression by hCG involves cAMP-PKA signaling
pathway. In order to decipher the downstream signaling
pathways induced by the LH-CG receptor, we used the
adenylate cyclase activator, Forskolin (Fsk) in in vitro ex-
periment using MA10 Leydig cell line. Results show that
Fsk induced the repression of Nr0b2 accumulation since
2.5 M and after 4hrs of treatment (Figure 2A & 2B). As
expected StarmRNAaccumulationwas increased follow-
ing exposure to Fsk (Figure 2A & 2B).
The involvement of cAMP pathway was confirmed us-
ing 8-BromocAMP (8BrcAMP) (Figure 3A). Treatment
for 4 hrs with 8BrcAMP resulted inNr0b2 repression and
induction of Star mRNA accumulation (Figure 3A). In
Leydig cells, PKA pathways play an important role in the
control of steroidogenesis (28). To define if PKA was in-
volved in Nr0b2 regulation by cAMP, we used PKI and
H89, two pharmacological inhibitors of PKA. Pretreat-
ment with PKI or H89 abolished the effect of hCG on
Nr0b2 mRNA accumulation (Figure 3B & 3C). The effi-
ciency of PKI or H89 treatments were supported by their
impacts on hCG induced Star expression (Figure 3B &
3C). This is also highlighted by the induction of CREB
phosphorylation by hCG which was minored by PKI and
H89 exposures (Figure 3D). The role of PKA was con-
firmed, using PKI or H89, by the measurement of steroids
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Phospho-ACC Cell Signalling, #3661 Rabbit 1/2000
ACC Cell Signalling, #23 662 Rabbit 1/2000
Phospha-AMPK Cell Signalling, #2531 Rabbit 1/2000
AMPK Cell Signalling, #2532 Rabbit 1/2000
TUBULIN Sigma Aldrich, Mouse 1/30 000




























of ERK pathways, has only a slight impact on Nr0b2 and
Star expression (Suppl. 1B & C).
hCG signaling pathways act on Nr0b2 regulatory
sequences. In order to show a direct impact of LH/CG
signaling pathways on Nr0b2 regulating sequences, var-
ious luciferase constructs of eithermouse or human region
of the Nr0b2 promoter were used (20). hCG or Fsk treat-
ments significantly repress luciferase activity using the
–601;1bp-luc construct, whereas the short construct
(-333;1pb)was not responsive to hCGor Fsk (Figure 4).
Same results were obtained using the humanNR0B2 pro-
moter (data not shown).
AMPK signaling pathways repress Nr0b2 expression in
response to hCG.Recently,AMPKsignaling pathwaywas
demonstrated to play some role in the regulation of Leydig
steroidogenesis (29).The functionalityofAMPKsignaling
pathway in MA10 cells was tested using pharmalogical
approach with its activator AICAR and the C-compound
inhibitor (C-cpd). AICAR exposure increased the level of
AMPK phosphorylation (P-AMPK) and of its target P-
ACC (29) (Figure 5A & 5B, left). In contrast, the use of
C-cpd counteracted the effect of AICAR on P-AMPK and
P-ACC (Figure 5A & 5B, right). As AMPK pathway is a
known inducer of Nr0b2 expression in liver (30), the po-
tential involvement of these pathways in MA10 cells was
then tested. Treatment of MA10 cells with AICAR led to
an increase of Nr0b2 mRNA accumulation (Figure 5C).
Consistently, pretreatment with C-compound abolished
the effect of AICAR onNr0b2mRNA accumulation (Fig-
ure 5C).
The link between AMPK pathway and hCG response
was then analyzed. Pretreatment of
cells with AICAR abolished the ef-
fect of hCG on Nr0b2 mRNA accu-
mulation (Figure5D). hCGexposure
led to decreased phosphorylation of
AMPK (Figure 5E & 5F, left). The
impact of this modification was sup-
portedby the lower phosphorylation
of ACC, a known target of AMPK
(Figure 5E & 5F, left). The pretreat-
mentwithAICARcounteract the im-
pact of hCG on P-AMPK and then
P-ACC (Figure 5E & 5F, right). In
vitro, the impact of hCG on AMPK
and ACC was confirmed using FSK
onMA10 cell line (Suppl. 1D). In the
same line of evidence, 8BrcAMP led
to a decrease of AMPK and ACC
phosphorylations (Suppl. 1E). The
role of PKA was supported by the
fact that PKI counteracted effect of
hCG on P-AMPK and P-ACC
(Suppl. 1F).
In addition, in vivo exposure of
Nr0b2/ mice to hCG reduced P-
AMPK (Figure 5G & 5H). This was
correlated with the decrease of the
levels of P-ACC (Figure 5G & 5H).
These data show that, in vivo, hCG
exposure led to a decrease of
P-AMPK as observed inMA-10 Ley-
dig cell line. It is thus tempting to
speculate that AMPK activation
could regulate Nr0b2 expression in
response to LH/CG within the Ley-
dig cells. However, it is important to
Figure 1. hCG signaling represses Nr0b2 expression. (A) Testicular mRNA
accumulation of Nr0b2 and Star normalized to Actin mRNA levels in whole testes of C57BL/6J
treated with vehicle or 5 IU hCG for 12 hours. (B) Testicular mRNA accumulation of Nr0b2 and
Star normalized to Actin mRNA levels in whole testes of C57BL/6J treated with vehicle
(methylcellulose 1%) or 10 mg/kg of anti-GnRH (AG) for 12 hours. (C) mRNA expression of
Nr0b2 and Star normalized to 36b4 levels in MA10 Leydig cell line exposed to vehicle or hCG
(from 0.0025 to 25 nM) over 4 hrs. (n  12 per group). (D) mRNA expression of Nr0b2 and Star
normalized to 36b4 levels in MA10 Leydig cells exposed to vehicle or hCG (2.5 nM) for 2, 4, 8 or
12 hrs. (n  12 per group). In all of the panels, data are expressed as the means  SEM.
Statistical analysis: *, P  .05; **, P  .01.




























note that AMPK and its targets have also been described
in several cell types within the testis including Sertoli and
germ cells (31).
Nr0b2 deficiency protects mice from germ cell loss in-
duced by an anti-GnRH. As previously demonstrated
(21), Nr0b2-/- males presented higher intra-testicular tes-
tosterone levels (Suppl. 2A). To analyze the impact of
NR0B2 in response to themodulation ofHPaxis, 10week
old adult Nr0b2/ or Nr0b2-/- male mice were treated
with a GnRH receptor antagonist (AG). Interestingly, 12
hours of treatment with AG led to a decreased intra-tes-
ticular levels of testosterone in Nr0b2/ mice while no
effect was observed in theNr0b2-/- males (Figure 6A). The
effect of AG was mainly supported by the HP axis as AG
did not decrease expression ofNr0b2 inMA10Leydig cell
line (Suppl. 2B). The effect ofAGon testosterone synthesis
in wild-type males was transitory as after 3-days of treat-
ment the intra-testicular levels of testosterone were nor-
malized (Suppl. 2C). Consistent with decreased testoster-
one levels 12hrs after the treatment, a decrease in mRNA
levels of Lhcgr, Star and Cyp11a1 was observed in
Nr0b2/males (Figure 6B), whereas no modification of
these genes was seen in Nr0b2-/- males (Figure 6B). The
expression ofNr5a1 andNr5a2, which are known induc-
ers of steroidogenesis and targets of NR0B2 were not af-
fected by AG (Figure 6C). Moreover, AG had no effect on
the expression of the negative regulator of steroidogenesis
Nr0b1 (Figure 6C). These results suggest that the effect of
NR0B2 might be through its ability of inhibiting NR5A2
and/or NR5A1 activities on the regulatory sequences of
the steroidogenic genes as previously demonstrated (21).
These results show that NR0B2 is a key local factor of
Leydig homeostasis.
Consistent with the lower testosterone levels in
Nr0b2/mice (Figure 6A), a significant decrease of sem-
inal vesicle weight, an androgen-dependent organ, was
observed at 3days after thebeginningof theAG-treatment
(Figure 6D). No effect on vesicle seminals was observed in
Nr0b2-/- males highlighting the critical role of NR0B2
(Figure 6D). Likewise, AG exposure induced a significant
increase in apoptotic spermatogenic cells in the testis of
Nr0b2/mice, asdeterminedbyTUNELanalysis (Figure
6E and 6F). Such impact was not observed in Nr0b2-/-
males.
Discussion
Endocrine homeostasis is a critical physiological process
as alteration could lead to various diseases. This point has
been enlightened in the last decades with the large impact
of endocrine disrupters on animal and human health (32,
33). Among the factors defined to play important roles in
steroid homeostasis, NR0B2 has been demonstrated to
control male sexual maturity through testicular physiol-
ogy (21).
It hasbeenpreviouslyproposed thatNR0B2might con-
tribute to local regulation of steroidogenesis (21). Indeed,
Nr0b2-/- males have higher testosterone levels. Moreover,
in vitro experiments show that
NR0B2 overaccumulation has been
demonstrated to repress the expres-
sion of steroidogenic genes via
NR5A1 and/or NR5A2. However,
the testicular regulation of Nr0b2
expression has not been explored so
far.
Previous data led us to hypothe-
size that NR0B2 should be involved
in the control of basal expression of
steroidogenic genes. However, we
point out that Nr0b2 expression is
increased in case of lower activity of
HP axis leading to decreased LH/CG
levels and repressing testosterone
synthesis. At the molecular level, we
show that Nr0b2 expression is con-
trolled within the Leydig cells by
cAMP/PKA/AMPK pathway after
LH/CG exposure. The link between
NR0B2 and LH/CG signaling was
Figure 2. Adenylate cyclase activator, Fsk, represses Nr0b2 expression. (A) mRNA
expression of Nr0b2 and Star normalized to 36b4 levels in MA10 Leydig cells exposed to vehicle
or Fsk (from 2.5 to 10 M) over 4 hrs, (n  12 per group). (B) mRNA expression of Nr0b2 and
Star normalized to 36b4 levels in MA10 Leydig cell line exposed to vehicle or Fsk (5 M) for 2, 4,
8 or 12 hrs, (n  12 per group). *, P  .05; **, P  .01.




























demonstrated here using an inhibitor of theHP axis (AG).
This effect was associated with an increased apoptosis of
germ cells following AG exposure. This involvement of
NR0B2 is supported by the fact that Nr0b2-/- males are
protected from the deleterious effects induced by AG ex-
posure. The presented results lead us to propose a new
model regarding the role of NR0B2 in the control of the
steroidogenesis that could be relevant in cases of altered
HP axis function (Figure 7).
In a physiological situation, LH is pulsatly secreted by
pituitary and interactswith its receptor on theLeydig cells.
This will increase the intracellular concentration of cAMP
and activate PKA. Stimulated PKA will thus induce the
production of steroids by thewell-knownpathwayCREB/
P-CREB, as shown in figure 7. Our data clearly point out
a new regulatory pathway where NR0B2 plays an impor-
tant role. Indeed, stimulated PKA will diminish AMPK
activationwhich in turn results in the repression ofNr0b2
expression. Finally, testosterone (T) and estradiol (E2)
will have their physiological effects on target organs.
Among them, T and E2 will exert a negative feedback by
decreasing LH secretion. As expected, we show that dur-
ing that feedback regulation, P-AMPK is increased fol-
lowed by higher NR0B2 levels. As already described
NR0B2 will thus inhibit NR5A1 and NR5A2 transcrip-
tional effects on various steroidogenic genes such as Star.
Our data are in line with previous studies showing that
the invalidation of AMPK1 impacts testicular physiol-
ogy. AMPK is expressed in several cell types of the testis
such as Leydig, Sertoli and germ cells. In AMPK-/- mice,
spermatozoa show defects of mitochondrial activity and
morphological defects. In addition, these AMPK-/- males
show a hyperandrogeny, associated with altered steroid-
ogenesis. This is due to the increase of cholesterol content,
the precursor of steroid synthesis, a higher mRNA accu-
mulation of steroidogenic genes consistent with a higher
level of P-CREB. These results clearly sustain our present
study suggesting the impact of AMPK on steroidogenesis
and its crosstalk with hCG/cAMP/CREB pathway. In ad-
dition, Abdou et al demonstrated that in MA10 cells, the
Figure 3. cAMP/PKA signaling controls Nr0b2 expression in Leydig MA10 cell line. A, mRNA expression of Nr0b2 and Star
normalized to 36b4 levels in MA10 Leydig cell line exposed to vehicle or 8BrcAMP over 4 hrs, (n  12 per group). (B) mRNA expression of Nr0b2
and Star normalized to 36b4 levels in MA10 Leydig cells pretreated with PKI for 2 hours and then treated with vehicle or hCG (0.25 nM) for 4hrs,
(n  12 per group). (C) mRNA expression of Nr0b2 and Star normalized to 36b4 levels in MA10 Leydig cells pretreated with H89 for 2 hours and
then treated with vehicle or hCG (0.25 nM) for 4hrs, (n  12 per group). (D) Immunoblots of CREB and Phospho-CREB in MA10 Leydig cell
pretreated with PKI or H89 for 2 hours and then treated with vehicle or hCG (0.25 nM) for 4hrs, (n  12 per group). (E) Relative levels of
progesterone in medium of MA10 Leydig celsl pretreated with PKI or H89 for 2 hours and then treated with vehicle or hCG (0.25 nM) for 4hrs,
(n  4 to 6 per group). In all of the panels, data are expressed as the means  SEM. Statistical analysis: *, P  .05; **, P  .01; ***, P  .005.




























use of AICAR counteracts the effects of forskolin or hCG
on steroid production and Star expression (34). These re-
sults are clearly those that we are also describing in our
manuscript. Consistently, siRNA directed against AMPK
led to higher sensitivity of MA10 to forskolin regarding
steroid synthesis andStar expression. Previous studies (34,
29) also demonstrated that the effect of AMPK involved
NR5A1/2 sites. Interestingly, as previously discussed in
ourmanuscript, NR0B2 is known to repress these nuclear
receptors. Altogether these results support our work on
the role of NR0B2 in AMPK effects on steroidogenesis.
LH signaling leads to cAMP production and then in-
duction of steroidogenesis. Interestingly, it has been dem-
onstrated that following hCG treatment, phosphor-dies-
terases (PDEs) transformcAMP intoAMPwhich results in
turn to AMPK activation. This induction of AMPK then
represses steroidogenesis. This acts as a feedback mecha-
nism to avoid maintenance of high steroid synthesis (Fig-
ure 7). In that context, it could be hypothesized that data
using cAMP analogs should be analyzed with caution as
they will act in favor to steroidogenesis activation and
Figure 4. Nr0b2 promoter is controled by hCG signaling. A,
Transient transfection assay of MA10 cells transfected with a mouse
Nr0b2 promoter luciferase reporter plasmid and exposed to vehicle,
hCG (2.5 nM) or Fsk (5 M) over 4 hrs. Luciferase activity was
normalized with -gal and was expressed as relative light units (RLU) of
triplicate assays (mean  SD). *, P  .05.
Figure 5. hCG signaling represses Nr0b2 expression through AMPK inhibition. A, Protein accumulation of ACC, P-ACC, AMPK
and P-AMPK in MA10 Leydig cells treated with AICAR for 4hrs in combination or not with C-cpd, (n  12 per group). (B) Quantification of
Phospho-ACC, Phospho-AMPK protein accumulations compared to ACC and AMPK respectively. (C) mRNA expression of Nr0b2 normalized to
36b4 levels in MA10 Leydig cells treated with AICAR in combination or not with C-cpd) for 4hrs, (n  12 per group). (D) mRNA expression of
Nr0b2 normalized to 36b4 levels in MA10 Leydig cells pretreated with AICAR for 2 hours and then treated with vehicle or hCG (2.5 nM) for 4hrs,
(n  12 per group). (E) Protein accumulation of ACC, Phospho-ACC, AMPK and Phospho-AMPK in MA10 Leydig cells pretreated with AICAR for
2 hours and then treated with vehicle or hCG (2.5 nM) for 4hrs, (n  12 per group). (F) Quantification of Phospho-ACC Phospho-AMPK protein
accumulations compared to ACC and AMPK respectively. (G) Immunoblots of cleaved ACC, Phospho-ACC, AMPK and Phospho-AMPK performed
on testicular protein extracts of mice exposed 12 hrs to 5 IU of hCG, (n  6–10 per group). (H) Quantification of Phospho-ACC, Phospho-AMPK
protein accumulations compared to ACC and AMPK respectively (n  6–10 per group). Vehicle treated mice were arbitrarily fixed at 100%. In all
of the panels, data are expressed as the means  SEM. Statistical analysis: *, P  .05; **, P  .01.




























repression of AMPK activity. In that case it will be more
difficult to visualize the kinetic event of the effects of PDE
leading to production of AMP and then activation of
AMPK.
Altogether, we hypothesize that the physiological role
of NR0B2 might be to decrease the expression of steroid-
ogenic genes in response to the central negative feedback
on LH. This might participate to maintain the normal
pulsatile secretion of GnRH and gonadotropins and in
turn ensure normal testicular physiology.
Paradoxically, Nr0b2-/- males present normal level of
LH and normal answer to acute LH surge (21). This nor-
mal response to LH could be due to the fact that NR0B1,
a “twin” receptor of NR0B2, can overcome its absence.
Indeed, NR0B1 is also involved in the regulation of ste-
roidogenesis (7). This potential redundancy is supported
by the fact that Nr0b1 gene shows the same expression
pattern than Nr0b2 in response to hCG (35).
Increase of NR0B2 in condition of low LH might lead
to a repression of steroidogenesis. In turn, lower testos-
terone might be followed by a decrease of negative feed-
back at hypothalamo-pituitary levels and then might in-
crease the subsequent activity of theHPaxis. Thus it could
be speculated that in long termexperiments, there couldbe
a higher testosterone production in Nr0b2-/- mice com-
pared towild-typemales. Suchhypothesishas tobe further
studied. However, as discussed, the lack of NR0B2 asso-
ciated with higher testosterone levels was not associated
Figure 6. Nr0b2 deficiency protects testis from deleterious effect of an anti-GnRH exposure. A, Relative intra-testicular
testosterone concentration in Nr0b2/ and Nr0b2-/- mice treated for 12hrs with vehicle of AG (10 mg/kg), (n  5–10 per group). Vehicle treated
mice of each genotype were arbitrarily fixed at 100%. (B) Testicular mRNA expression of Lhcgr, Star and Cyp11a1 normalized 36b4 levels in
whole testis of Nr0b2/ and Nr0b2-/- mice exposed to AG (10 mg/kg/d), (n  5 to 10 per group). Vehicle treated mice of each genotype were
arbitrarily fixed at 100%. (C) Testicular mRNA expression of Nr5a2, Nr5a1 and Nr0b1 normalized to 36b4 levels in whole testis of Nr0b2/ and
Nr0b2-/- mice exposed to AG (10 mg/kg/d), (n  5 to 10 per group). Vehicle treated mice were arbitrarily fixed at 100%. (D) Testis and seminal
vesicle weights normalized to body weight in Nr0b2/ and Nr0b2-/- mice exposed 3 days with vehicle of AG (10 mg/kg), (n  5–10 per group).
Vehicle treated mice of each genotype was arbitrarily fixed at 100%. (E) Apoptosis in Nr0b2/ and Nr0b2-/- mice exposed to vehicle or AG, (n 
5–10 per group) analyzed by TUNEL staining. Representative micrographs of the testis of Nr0b2/ or Nr0b2-/- exposed to vehicle or AG. The
arrow-heads indicate apoptotic spermatocytes. The original magnification was x200. (F) Quantification of the TUNEL analyses. The number of
TUNEL-positive spermatocytes is indicated as the number of positive cells per 100 seminiferous tubules, (n  5–10). Vehicle treated mice of each
genotype were arbitrarily fixed at 100%. In all of the panels, data are expressed as the means  SEM. Statistical analysis: *, P  .05; **, P  .01;
***, P  .005.




























with changes in the HP axis activity. This suggests that
other factors might be involved. The lack of association
between plasma testosterone and LH levels has been ob-
served in several other studies (36, 37). In all these cases,
estrogen levels shouldbemeasuredas theyaremorepotent
inhibitors of the HP axis than testosterone. Altogether,
these data confirm that the relation between the levels of
sex steroids and HP axis is complicated. Our results also
open a new field of investigation. Indeed, hypogonado-
tropic hypogonadism accounts for up to 2% of infertile
men. Even though, it can be successfully treated (38), our
results suggest thatNR0B2 could be a newpotential phar-
macological target in such disease. Alterations of the HP
axis could be due either to geneticmutation or exposure to
endocrine disrupters (Figure 7). Indeed, if EB exposure has
been associated with low LH/CG plasma levels and low
testosterone synthesis (39), Nr0b2-/- males do not show
reduced testosterone levels in response to estradiol ben-
zoate exposure (22). This clearly suggests that NR0B2
might be a mediator of low LH signaling within Leydig
cells in case of EED exposure.
Even though a full understanding of the mechanisms
requires further studies, our work sustained the idea that
AMPK might be an important actor of Leydig cell phys-
iology as proposed by others (29). Moreover, we describe
a critical role of NR0B2 in Leydig cell functions, and de-
fine it as a testicular messenger of the HP axis signaling in
case of low LH levels.
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Abstract
Bile acids have recently been demonstrated as molecules with endocrine activities control-
ling several physiological functions such as immunity and glucose homeostases. They act
mainly through two receptors, the nuclear receptor Farnesol-X-Receptor alpha (FXRα) and
the G-protein coupled receptor (TGR5). These recent studies have led to the idea that mole-
cules derived from bile acids (BAs) and targeting their receptors must be good targets for
treatment of metabolic diseases such as obesity or diabetes. Thus it might be important to
decipher the potential long term impact of such treatment on different physiological func-
tions. Indeed, BAs have recently been demonstrated to alter male fertility. Here we demon-
strate that in mice with overweight induced by high fat diet, BA exposure leads to increased
rate of male infertility. This is associated with the altered germ cell proliferation, default of
testicular endocrine function and abnormalities in cell-cell interaction within the seminifer-
ous epithelium. Even if the identification of the exact molecular mechanisms will need more
studies, the present results suggest that both FXRα and TGR5 might be involved. We
believed that this work is of particular interest regarding the potential consequences on
future approaches for the treatment of metabolic diseases.
Introduction
Metabolic syndrome (MetS) has been linked with several abnormalities including overweight,
dyslipidemia, hypertension and impaired glucose metabolism [1]. The numerous deleterious
effects of MetS are being investigated throughout the medical community as MetS may affect
many aspects of human physiology due to its systemic nature.
It has been proposed since 10 years that derivatives of bile acids (BAs) could be interesting
molecules for the treatment of diseases of MetS such as diabetes or obesity. Indeed, BAs are
being appreciated as complex metabolic integrators and signaling factors [2]. Through activa-
tion of diverse signaling pathways, BAs regulate their own synthesis, enterohepatic
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recirculation, as well as triglyceride, cholesterol, energy and glucose homeostases. BAs act
mainly through two specific receptors, the nuclear receptor Farnesol-X-Receptor alpha (FXRα)
and the G-protein coupled receptor TGR5 [3]. In order to develop promising novel drug tar-
gets to treat common hepatic and metabolic diseases, a lot of work has been done to better
define the respective involvement of both receptors in different physiological pathways
This is a challenge as synthetic agonist for either FXRαor TGR5 could have either beneficial
or deleterious impacts. Indeed, if FXRα agonists seem to be good candidate in treatment of dia-
betes [4], their utilization for the treatment of obesity can worsen the pathology [4]. Thus clear
establishment of the involvement of each BA signaling pathways remain to be defined before
using them as therapeutical drugs. Moreover, activation of such important signaling pathways
could have some secondary effects on health.
In that line, our recent findings demonstrate the impact of BA on male fertility and testicu-
lar physiology. Indeed, BAs were shown to impact testicular physiology either via TGR5 or
FXRα. TGR5 mainly acts in germ cell lineage. Its activation by BA represses network of cell-
cell interactions through the downregulation of N-Cadherin as well as Cx43 expression
through regulation of the transcriptional repressor, T-box transcription factor 2 gene [5]. This
leads to germ cell sloughing and rupture of the blood-testis barrier and then apoptosis of sper-
matids. In parallel, FXRα has been demonstrated in several studies to control the testicular
endocrine function supported by the Leydig cells in vivo [6]. Short term exposure to FXRα ago-
nist (GW4064) represses testosterone synthesis. At the molecular level, FXRαactivation stimu-
lates the expression of the small heterodimer partner (SHP) which in turn inhibits the
expression of steroidogenic genes, on the one hand by inhibiting the expression of the nuclear
receptors steroidogenic factor–1 (SF–1) and liver receptor homolog–1 (LRH–1), and on the
other hand by directly repressing the transcriptional activity of LRH–1.
Regarding the links between BA signaling pathways and male testicular physiology and sub-
sequent fertility disorders, we wondered what could be the consequences of a long term expo-
sure to molecules that activate BA signaling pathways during the treatment of MetS diseases
such as obesity. We thus aimed to define the equilibrium between potential positive or negative
impacts of “BA treatment”. We asked whether the BA-treatment will improve general heath of
the mice and then fertility, or if BA will mainly have deleterious effects on fertility as we have
demonstrated recently [5]. For that purpose, we decided to induce overweight in mice with
high fat-diet (HFD) and then “treat” them with BAs to reverse the overweight as defined by
Watanabe et al. [7].
Here we demonstrate that in mice fed a high fat diet, BA exposure leads to increased rate of
male infertility. This is associated with alterations of testicular physiology.
Materials and Methods
Ethics Statement
This study was conducted in accordance with the current regulations and standards approved
by the Animal Care Committee (CEMEA Auvergne; protocol CE 08–12).
Animals
C57Bl/6J were purchased from Charles River Laboratories (L'Arbresle, France). Mice were
housed in temperature-controlled rooms with 12 hours light/dark cycles. Mice had ad libitum
access to food and water. Five-week-old mice were exposed to D04-diet or 235HF diet (Con-
trol) for 3 months. Half of the group fed HFD were maintained either on 235HF diet or the
235HF supplemented with 0.5% cholic acid (HF-CA-diet) (SAFE, Augy, France) for 2 or
4 months to visualize the impact of BA exposure on overweight.
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Fifteen days before the sacrifice each male is put into reproduction during the day, without
food (avoiding contamination of the females), with two unexposed C57Bl6J females (Charles
River) (3 to 4 males per group per experiment). Breeding was daily monitored for the presence
of a vaginal plug to determine whether mating occurred. Before the night, males were put back
with specific diet (regarding the group). After 19–20 d, efficacy of mating was visually inspected
by the female delivery; and the number of pups per litter was counted.
For analysis of blood testicular barrier (BTB) integrity, 15 μL of EZ-Link Sulfo-
NHS-LC-Biotin (7.5 mg/mL; Thermo Fisher Scientific, Brebières, France) were injected into
the left testis of anesthetized males exposed to a HFD or HF-CA diet [5]. Then, after 20 min.,
testes were removed, PFA-fixed and embedded in paraffin, and 5-μm-thick sections were pre-
pared and stained for biotin.
Histology
TUNEL and Ki67 experiments were performed as reported in [8], [9]. We performed the cell
counts in two to three independent experiments with at least 5 mice per group. In addition, for
each male, counting was made on 2 non following slides.
Testis weight, the number of tubules per section and the evaluation of tubule diameter were
not affected between groups. As all these parameters are equal for the different groups there
might be no bias in the count of positive cells or tubes.
TUNEL analysis
Five-micrometer-thick paraffin-embedded sections were deparaffined with toluol followed by
rehydratation. The slides of each group were incubated for 5 min in unmasking buffer (citrate
acetate 1.8 mm, sodium citrate 8.2 mm, pH 6.0) at 86 C. Then the slides were incubated with
0.3 U/μl terminal deoxynucleotidyl transferase (Euromedex, Mundolsheim, France), 6.7 mm
biotin-11-dUTP (Euromedex), and 26.7 mm dATP (Promega, Charbonnières, France) in ter-
minal deoxynucleotidyl transferase buffer 1 h at 37 C. For the negative control, the enzyme was
omitted. Extravidin alkaline phosphatase conjugate (dilution 1:100; Sigma-Aldrich) was added
onto the slides for 25 min. Sigmafast FastRed TR/Naphthol AS-MX (Sigma-Aldrich) was used
as the substrate according to the manufacturer’s instructions. Counterstain was performed
with Mayer’s hematoxylin solution (Sigma-Aldrich) for 30 sec. In each testis, at least 100 ran-
dom seminiferous tubules were counted. Results are expressed as the number of TUNEL-posi-
tive cells per 1000 seminiferous tubules. We perform the cell count (for TUNEL) in two to
three independent experiments with at least 5 mice per group. In addition, for each male,
counting was made on 2 non following slides.
Ki67 counting
Five-micrometer-thick paraffin-embedded sections were fixed 10 min in 4% paraformaldehyde
and washed three times for 10 min in 1× PBS. Cells were permeabilized with 0.1% Triton X–
100 and 0.1% citrate solution in PBS for 2 min at 4 C. Slides were incubated with anti Ki67 1/
500 (Tebu-bio, Le Perray en Yvelines, France) overnight at 4 C and then washed three times in
1× PBS. Slides were incubated for 1 h at room temperature with a goat anti-rabbit secondary
antibody labeled with Alexa 488 (1/250; from Invitrogen Detection Technologies, Cergy-Pon-
toise, France). In each testis, at least 100 random seminiferous tubules were counted. Results
are expressed as the number of Ki67-positive cells per 100 seminiferous tubules.
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Paraffin sections of PFA-fixed testis were sectioned at 5 μm. The sections were mounted on
positively charged glass slides (Superfrost plus, Thermo Scientific, France), deparaffinized,
rehydrated, treated for 20 min at 93–98°C in citric buffer (0.01 M, pH 6), rinsed in osmosed
water (2 x 5 min) and washed (2 x 5 min) in Tris-buffered saline. Immunohistochemistry was
conducted according to the manufacturer’s recommendations, as described earlier [10]. Slides
were then counterstained with Hoestch medium (1 mg/ml). The antibodies used are given in
supplemental information (S1 Table).
Endocrine Investigations
Steroids were extracted from frozen testis (20 mg) with 10 vol of ethylacetate-isooctane (30:70,
v:v) as previously described [9], and were measured using commercial kits: testosterone (Diag-
nostic Biochem, London, Canada).
Cholesterol, cholesterol esters and triglycerides were extracted from frozen testis as
described previously with Folch method [11]. Cholesterol and cholesterol ester measurements
were performed as recommended by manufacturer (Cholesterol and cholesterol ester: Calbio-
chem 428901; Triglycerides: Diagnostic Sys-tem, Holzheim Germany).
Glucose was measured on plasma upon manufacturer recommendations (Biomerieux
61269).
Real-Time RT-PCR
RNA from testis samples were isolated using Nucleospin RNA (Macherey-nagel, Hoerdt,
France). cDNA were synthesized from total RNA with the MMLV reverse transcriptase and
random hexamer primers (Promega, Charbonnière Les Bains, France). The real-time PCR
measurement of individual cDNAs was performed using SYBR green dye (Master mix Plus for
SYBR Assay, Eurogentec, Angers, France) to measure duplex DNA formation with the Eppen-
dorf Realplex system. The sequences of primers are reported in S2 Table. Standard curves were
generated with pools of testis cDNA from animals with different treatments. The results were
analyzed using the ΔΔct method.
Western blot
Proteins were extracted from tissues using lysis buffer (0.4 M NaCl, 20 mMHepes, 1.5
mMMgCl2, 0.2 mM EDTA, 0.1% NP40, 1X protease inhibitors (Roche Diagnostics, Meylan,
France)). Antibodies were used in TBS, 0.1% tween and 10% milk. The antibodies used are
given in S1 Table.
Statistics
Differences between two groups for single point data were determined by Student’s t-test. All
numerical data are represented as mean ± SE. Significant difference was set at P< 0.05.
Results
BA-exposure improves metabolic abnormalities induced by HFD
In order to understand the potential impact on male fertility of long term treatment of MetS
diseases with molecules that activate bile acid signaling pathways, male mice were exposed to
high fat diet (HFD) and then to HFD supplemented with 0.5% cholic acid (HF-CA) as previ-
ously described by Watanabe et al. [7]. Male mice exposed to HFD showed increased body
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weight superior to animal under chow diet throughout the experiment (S1C Fig), validating
our model to induce mouse overweight. In addition, HFD induced increased levels of choles-
terol, cholesterol ester, and glucose (S1D Fig).Once the overweight is established, part of the
mice fed HFD was shifted to HF-CA to reverse the obesity. As expected, these mice showed a
decreased of body weight gain compared to HFD group that is significant at 2 and 4 months
after the switch to HF-CA diet (S1D Fig and Fig 1A & 1B). In accordance with bile acid effects
[5], liver weight was increased in BA-exposed group compared to HFD group since 2 months
after diet switch (S1E Fig) and still increased after 4 months (Fig 1C). Plasma BA levels were
highly increased in HF-CA group compared to HFD group (Fig 1D). The analysis of the BA
Fig 1. CA-supplementation reverse HFD induced overweight. (A)Weight gain of C57BL/6J mice along the experiments. After 90 days of high fat diet
(HFD) (red arrow), half of the mice on the HFD (triangles) were switched to HFD supplemented with CA (HF-CA) (squares) (n = 12–35 per group). Black
arrows indicated the timing of fertility test. (B) Relative body weight 4 months after the switch to HF-CA diet. (C) Relative liver weight normalized to body
weight in C57Bl/6 mice fed HFD and HF-CA diet 4 months after the switch to HF-CA diet. (n = 18–25 per group). (D) Plasma bile acid levels and pool
composition in mice under HFD or HF-CA diet 4 months after the switch to HF-CA diet. (D) Plasma cholesterol, cholesterol ester, triglycerides and glucose
levels in mice fed to HFD or HF-CA diets 4 months after the switch to HF-CA diet. (n = 19–25 per group). Data represent mean ± SEM; Statistical analyses: *
p<0,05; ** p<0,01 and *** p<0,001.
doi:10.1371/journal.pone.0139946.g001
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pool revealed the increase concentrations of CA and DCA species (Fig 1D). As expected [4],
HF-CA diet led to a decrease of plasma total cholesterol and cholesterol esters and triglyceride
levels (Fig 1E). Accordingly, the impact of the HF-CA diet was confirmed at the glucose levels
which were lower compared to HFD group (Fig 1E). Note that for some of these plasma
parameters effects were observed since 2 months after the switch to HF-CA diet (S2A Fig).
BA-exposure alters male fertility in the context of metabolic syndrome
As BA exposure was previously demonstrated to induce male fertility disorders, we next ana-
lyzed male reproductive capacity. Male fertility was assessed by breeding males of each group
with C57Bl6J females during 2 weeks (as described in method section). Fertility tests highlight
reproductive defaults in HF-CA group compared to HFD group (Fig 2A). Even if there was no
difference in the number of vaginal plugs observed per male between groups (data not shown),
data revealed a 4 to 5-fold increase in the number of males unable to give progeny after two
weeks of breeding with females; these males were thus qualified as non-efficient males (Fig
2A). For the males that were still able to give progenies, there was a significant decrease in the
number of pups per litter in HF-CA animals (Fig 2B). No significant effect of CA-supplemen-
tation was observed on fertility parameters 2 months after the switch to HF-CA diet (S2B Fig).
This impact on fertility was sustained by lower weight of organs of genital tract such as epi-
didymis and seminals in HF-CA treated males compared to HFD group (Fig 2C and S2C Fig).
Note that no effect was observed on testis weight (Fig 2C).
We then analyzed whether bile acid levels and pool were modified in HF-CA group com-
pared to HFD males. We show a 6-fold increase of BA concentrations in testis of males exposed
Fig 2. CA-supplementation alters male reproduction function in mice fed HF-CA diets versus HF-diet. (A) Percent of non-efficient males after 15 days
of breeding with 2 C57BL/6J females in mice under HFD or HF-CA diet 4 months after the switch to HF-CA diet. (B) Number of pups per litter obtained in mice
under HFD or HF-CA diet 4 months after the switch to HF-CA diet. (C) Relative testis, epididymis and seminal weights normalized to body weight in C57Bl/6
mice fed HF-diet and HF-CA diet 4 months after the switch to HF-CA diet. (n = 18–25 per group). (D) Intra-testicular bile acid levels and pool composition in
mice under HFD or HF-CA diet 4 months after the switch to HF-CA diet. Data represent mean ± SEM; Statistical analyses: * p<0,05; ** p<0,01 and ***
p<0,001.
doi:10.1371/journal.pone.0139946.g002
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to HF-CA diet compared to HFD group (Fig 2D). This is consistent with what was previously
published by Baptissart et al. [5]. Consistently, BA pool analyses revealed the increase concen-
tration of CA and DCA species (Fig 2E).
BAs induce lower germ cell proliferation rate
HF-CA diet did not drastically alter histology of testis compared to HFD group (data not
shown). No statistical impact of HF-CA-diet was observed on germ cell apoptosis compared to
HFD-group (Fig 3A). However, we confirmed that as previously described HFD induced germ
Fig 3. CA-supplementation diet induces increase of germ cell proliferation. (A) Apoptosis in mice exposed to HFD or HF-CA diets 4 months after the
switch to HF-CA diet (n = 13 to 25 per group) analyzed by TUNEL staining. The arrow indicates apoptotic spermatocytes. The original magnification was
X200. The number of TUNEL-positive cells per 100 seminiferous tubes. (B) Proliferation in mice exposed to HFD or HF-CA diets (n = per groups) analyzed
by Ki–67 staining. Representative micrographs of the testis exposed to HF and HF-CA diets. The original magnification was X100.Quantification of the
number of Ki-67-positive cells per 100 seminiferous tubules after 2 and 4 months of HF and HF-CA diets (n = 4–5 per groups). (C) Immunoblot of PCNA and
ACTIN on testicular protein extracts of HFD or HF-CA diet 4 months after the switch to HF-CA diet (n = 5–8 per groups). Quantification of PCNA/ACTIN ratio.
HFD group was arbitrarily fixed at 100%. (D) Testicular mRNA expression ofG9a, Cyclina1 (Ccna1), Smad6 and Prm1 normalize to β-actin levels in whole
testis of C57BL/6 mice fed HFD or HF-CA diets 4 months after the switch to HF-CA diet (n = 16–22 per groups).). (E) Immunoblot of EZH2 and ACTIN on
testicular protein extracts of HF diets or HF-CA diets 4 months after the switch to HF-CA diet (n = 5–8 per groups). Quantification of EZH2/ACTIN ratio. HFD
group was arbitrarily fixed at 100%. (F) Evaluation of post-meiotic elongated spermatids in mice exposed to HFD or HF-CA diets analyzed by acetylated
histone H4 (H4ac) staining 4 months after the switch to HF-CA (Representative micrographs of the testis exposed to HF diet). The original magnification was
X100.Quantification of the number of H4ac-positive cells (n = 4–5 per groups). Data represent mean ± SEM; Statistical analyses: * p<0,05; ** p<0,01 and
*** p<0,005.
doi:10.1371/journal.pone.0139946.g003
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cell apoptosis (S3A Fig). In contrast, a significant decrease of germ cell proliferation was
observed at 4 months in HF-CA group compared to HFD-group as identified by Ki67 staining
(Fig 3B). This decrease in germ cell proliferation was supported by the lower accumulation of
the PCNA protein in HF-CA group compared to HFD animals (Fig 3C). This data suggests
that there could be some abnormalities in spermatogenesis process. In order to define which
spermatogenesis step might be altered, we performed analysis of mRNA accumulation of spe-
cific markers for early spermatogenesis (G9a), spermatocytes (Cyclin-a1), round spermatids
(Smad–6) and late germ cells (Protamin–1; Prm–1). Results show a lower expression of Prm–1
a gene referred to be expressed in elongating/elongated spermatids (Fig 3D). This is also sus-
tained by the lower EZH2 protein level, a marker of post-meiotic germ cells [12], in HF-CA
group compared to HFD animals (Fig 3E). The decrease of number of post-meiotic cells within
the testis exposed to HF-CA diet was then validated by immunohistochesmistry with acety-
lated-histone H4 staining and the identification of a lower the number of positive cells per
tubes in HF-CA group compared to HFD exposed males (Fig 3F). No difference was observed
regarding intra-testicular levels of some lipid parameters such as cholesterol, cholesterol ester
or triglycerides either 2 or 4 months after the switch to HF-CA diet (S3B and S3C Fig).
BA exposure leads to altered testicular endocrine function
Testicular physiology has been demonstrated to be highly dependent of steroid metabolism as
highlighted by the numerous data coming from studies on endocrine disrupters. 4 months after
the switch to HF-CA diet; CA supplementation alters testicular steroidogenesis as highlighted by
the lower intra-testicular and plasma testosterone levels in HF-CA diet group compared to HFD
group (Fig 4A & 4B). Interestingly, FXRα has been previously demonstrated to repress testicular
steroidogenesis via the induction of SHP which in turn inhibits Sf–1 and Lrh–1 expression and
their transcriptional activities [6], [13]. The potential activation of the FXRα signaling pathways
within the testis in the HF-CA context was assessed through the analysis of FXRα and two of its
target genes Shp and Bsep. Shp was not affected after 4 months of diet (Fig 4E). However, we
found an increase of FXRα and Shp mRNA accumulation if HF-CA group compare to HFD
group after two months of HF-CA diet exposure (Fig 4G). In contrast, a lower mRNA accumula-
tion of Bsep was observed after two months of HF-CA diet exposure (Fig 4G). This downregula-
tion of Bsepmust be correlated to the higher level of Shp as it was previously demonstrated that
SHP inhibit the expression of Bsep through LRH–1 dependent activity [6]. The analysis of Sf–1
and Lrh–1 revealed that their expression levels were not affected in HF-CA exposed group com-
pared to HFD animals at 4 months or 2 months after the beginning of HF-CA diet (Fig 4E &
4G). These data suggest that SHP might act mainly through the inhibition of the transcriptional
activity of LRH–1 and SF–1 as previously suggested in some recent reports [8]. Even though
short term experiments are need to clearly characterize the induction of FXRα pathways in the
HF-CA context, we decided to explore the impact of HF-CA on testicular steroidogenesis.
Indeed, regarding the testicular physiology, the only define pathway targeted by FXRα so far is
the steroidogenesis. This effect was published to be dependent of SHP [6]. In that line, we define
that after twomonths of HF-CA diet the expression of steroidogenic gene Cyp11a1was decreased
(Fig 4G). In addition the decreased testicular testosterone levels after 4 months of HF-CA diet
was correlated with the impact on the mRNA accumulation of genes involved in steroid synthesis
such as Star, Cyp11a1 and Cyp17a1 (Fig 4C). Furthermore, these results were associated with
decreased expression levels of several androgen-dependent genes (Tubb3, Atp1a2, Pem) four
months after the beginning of HF-CA diet (Fig 4D). This impact on androgen-dependent genes
was not due to alteration of the expression of the androgen receptor neither at the mRNA level
(Fig 4E) nor at the protein level (Fig 4E).
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BAs alter seminiferous epithelium integrity
We have recently identified that BA impact testicular physiology through TGR5 dependent
mechanisms [5]. TGR5 activation leads to the control of the TBX2-Cx43 pathways which is
associated with the alteration of the blood-testis-barrier (BTB). The BTB is a critical structure
of the seminiferous epithelium and has been demonstrated to be altered following the increase
of BA levels. Here, we show that the BTB is no longer intact after 4 months of HF-CA diet, as
shown by the use of biotin-coupled tracer (Fig 5A). Consistent with what was previously pub-
lished, bile acid exposure decreased accumulation of Connexin–43 at both mRNA and protein
(Fig 5B & 5C). This was associated with the increase of Tbx2mRNA accumulation in HF-CA
Fig 4. CA-supplementation alters testicular endocrine function. (A) Testicular testosterone levels in mice fed HFD and HF-CA diet 4 months after the
switch to HF-CA diet. (n = 7–13 per group). (B) Plasma testosterone levels in mice fed HFD and HF-CA diet 4 months after the switch to HF-CA diet.
(n = 7–13 per group).(C) Testicular mRNA accumulation of Star, Cyp11a1, 3βHDS andCyp17a1 normalized to β-actinmRNA levels in the whole testes of
mice fed HFD and HF-CA diet 4 months after the switch to HF-CA diet (n = 12–22 per group). (D) Testicular mRNA expression of Tubb3, Atp1a2 and Pem
normalized to βactinm in the whole testes of mice fed HFD and HF-CA diet 4 months after the switch to HF-CA diet (n = 7–22 per group). (E) Testicular
mRNA expression of Sf–1, Lrh–1, Shp, Fxrα and Ar normalized to β-actinm in the whole testes of mice fed HFD and HF-CA diet 4 months after the switch to
HF-CA diet (n = 7–22 per group). (F) Immunoblot of AR and ACTIN on testicular protein extracts of HFD or HF-CA diet 4 months after the switch to HF-CA
diet (n = 5–8 per groups). Quantification of AR/ACTIN ratio. HF-diet group was arbitrarily fixed at 100%.HF-diet group was arbitrarily fixed at 100%. (G).
Testicular mRNA expression of Shp, Bsep, Fxrα, Cyp11a1, Lrh–1, Sf–1 and normalize to β-actin levels in whole testis of C57BL/6 mice fed HFD or HF-CA
diet 2 months after the switch to HF-CA diet (n = 16–22 per groups. Data represent mean ± SEM; Statistical analyses: * p<0,05; ** p<0,01 and *** p<0,005.
doi:10.1371/journal.pone.0139946.g004
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group compared to HFD after 4 months of diet exposure (Fig 5B). These data suggest that
TGR5 pathways might have been induced by CA-supplementation. However, no effect of
HF-CA diet was observed on TGR5 mRNA expression (Fig 5B). Regarding the expression of
other genes involved in cell-cell interactions, a lower mRNA accumulation of Osp1 in BA-fed
mice was observed (Fig 5B). In contrast, no effects were observed regarding the mRNA accu-
mulation of Zo1, Zo2 and Claudin3 (Fig 5C). No effect was observed on CLAUDIN–5, NEC-
TIN protein accumulations (Fig 5C); however we confirmed the impact of cell-cell interactions
within the seminiferous tubule as the protein accumulations of INTEGRIN-β1, VIMENTINE,
Fig 5. CA-supplementation alters seminiferous epithelium. (A) Blood-testis barrier integrity as measured by the stained testis for EZ-link-biotinylated.
Representative micrographs of mice fed HFD or HF-CA diet 4 months after the switch to HF-CA diet. The arrow indicates a tubule with a high intensity of
infiltration. The original magnification was X100. Quantification of the number of tubules with infiltration per 100 seminiferous tubules (n = 5–12 per group).
(B) Testicular mRNA expression of Claudin–3, Zo1, Zo2, Osp1,Cx 43, Tbx2 and Tgr5 normalize to β-actin levels in whole testis of C57BL/6 mice fed HFD or
HF-CA diet 4 months after the switch to HF-CA diet (n = 16–22 per groups). (C) Immunoblot of CONNEXIN43, CLAUDIN5, INTEGRINβ1, VIMENTIN,
N-CADHERINE, β-CATENINE and NECTIN on testicular protein extracts of HFD or HF-CA diet for 4 months (n = 5–8 per groups). Quantifications of proteins
of interest were made normalized to ACTIN. HF-diet group was arbitrarily fixed at 100%. Data represent mean ± SEM; Statistical analyses: * p<0,05; **
p<0,01 and *** p<0,005.
doi:10.1371/journal.pone.0139946.g005
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N-CADHERIN and β-CATENINE was decreased in HF-CA exposed males compare to HFD
group (Fig 5C).
Discussion
Recently, we showed that adult mice fed a diet supplemented with CA have altered fertility sub-
sequent to testicular defects [5]. The use of BA supplementation has been demonstrated to be
able to reverse obesity induced by HFD in mice. In the following years, subsequent studies
highlighted the links between BA exposure and improvement of diseases such as diabetes.
We thus wonder what could be the consequences on male fertility of a long term exposure
to BA derivatives in the treatment of MetS. To investigate these potential links, we have repro-
duced the protocol of Watanabe and collaborators [7]. Male mice were exposed to HFD to
induce overweight and use supplementation with 0.5% cholic acid to reverse the obesity.
The present work confirms the deleterious impact of BA exposure on male fertility even
during the treatment of MetS. Indeed, the BA-supplemented diet led to an increase of BA con-
centrations in plasma and testis. The composition of BA species within the testis in HF-CA
exposed males are comparable to what was previously published by Baptissartwith the increase
of CA and DCA species.
The complexity of the interactions between metabolism and male fertility has been
described among the last decades [14]. Among all the consequences of MetS, male reproductive
function is altered in some obese man patients. This is highlighted by the increasing evidence
of an interactions between MetS and testicular functions [14]. However, the relation between
MetS and male reproductive function remains to be fully deciphered.
This complexity still need to be highly studied as we demonstrate here that even with the
amelioration of several global health parameters such as plasma cholesterol, triglycerides and
glucose male fertility remain altered. In that line BA-diet have no impact on metabolic parame-
ters (glucose, cholesterol, triglycerides) in the testis, it reverse the impact of HF diet on these
parameters at the plasma level. Thus our data reinforce the links between BA signaling path-
ways and testicular physiology and pathophysiology. However, it could not be excluded that
their might be direct impact of BA-exposure on organs involved in post-testicular maturation
of the spermatozoa such as the epididymis and the seminals. Such effects should be studied in
future works as the decrease of seminal weights under BA-diet conditions are reported here
and in previous report [5].
Even though the clear involvement of systemic or local testicular action of BA receptors can-
not be established there as specific testicular invalidation would have been required, we demon-
strate that BA exposure impact testicular physiology in HF-CA context. Our goal here was to
define if alterations induced by BA-exposure, as previously published, are reproducible in HF
context.
Previous report highlights the major role of TGR5 regarding the impact of BA on male fer-
tility during cholestasis. The results of the present study supported the activation of the TGR5
signaling pathways in testis following HF-CA diet exposure as we do observed as previously
published [5] the increase of Tbx2mRNA accumulation and the decrease of CX43 at both
mRNA and protein levels.
However, the present work clearly suggests that in the context of MetS, the involved mecha-
nisms are more complex than previously describe. Indeed, in contrast to the study from Baptis-
sart et al., HF-CA diet leads to a deregulation of testicular steroidogenesis. Such effect could be
consistent to some of the effect of the FXRα signaling pathway within the testis as the use of
GW4064, a FXRαsynthetic agonist, was demonstrated to repress testosterone synthesis in a
SHP dependent manner [6]. In that line we do observed that after HF-CA administration the
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expression of SHP was increased with a decrease of steroidogenic genes and then testosterone
levels. In addition the lower mRNA accumulation of Bsep was observed after two months of
HF-CA diet exposure (Fig 4G). This downregulation of Bsepmust be correlated to the higher
level of Shp as it was previously demonstrated that SHP inhibit the expression of Bsep through
LRH–1 dependent activity [6].
Here, no difference in the status of germ cell apoptosis was observed between HFD and
HF-CA groups; this is in contrast with previous data showing apoptosis of post-meiotic germ
cells (spermatids) during liver disease induced by BA exposure [5]. This might be due to the
Fig 6. Potential intratesticular action of BAs. In normal condition production of testosterone is involved in germ cell survival. The expression of genes
involved in steroidogenic pathway is in part supported by transcriptional activity of LRH–1 and SF1. In parallel, the integrity of the seminiferous epithelium is
ensured by the establishment of cell-cell interactions involving protein such as Cx43. In the context of BA exposure, lower production of testosterone is
observed. This is consistent with the potential activation of the FXRαwhich in turn leads to activation of SHP a known repressor of steroidogenic pathways via
the inhibition of transcriptional activity of LRH–1 and SF–1 on promoter sequences of genes such as Star or Cyp11a1. In parallel, in BA context, the integrity
of blood testis barrier is altered. This is consistent with the activation of the TGR5-Tbx2 signaling pathways leading to lower accumulation of protein involved
in cell-cell interactions that destabilized the structure of the seminiferous epithelium. These alterations might participate to the increase rate of germ cell
apoptosis within the testis. In regards to the major role of testicular physiology, even though post-testicular impact cannot be exclude; the present work
suggests that this alterations of testicular physiology induced in a HF-diet context might participate to the appearance of male infertility.
doi:10.1371/journal.pone.0139946.g006
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fact that HFD per se induces apoptosis of spermatocytes cells (S3A Fig), which are earlier germ cell
steps than spermatids, this effect of HFDmight mask the impact of BA on spermatids. However, a
lower production of post-meiotic germ cells in HF-CA group is sustained by our results showing
lower accumulation of post-meiotic germ cells markers at either mRNA and protein levels.
The present work suggests that in the pathophysiological model of HF-diet, several BA sig-
naling pathways among which either FXRα or TGR5 could be activated. Additional studies
must be performed using specific agonists of FXRα and TGR5 to better decipher the critical
pathways involved. Using an integrative scheme, we try here to summarize the potential
involvement of both signaling pathways within the testis (Fig 6).
In addition, the present results on the impact of BA exposure in context of HFD on fertility
could be useful to understand some unexplained rare clinical situations. This could be consis-
tent with a case report data showing subsequent infertility in some obese men treated with bar-
iatric chirurgical approach [15]. It is of interest to note that in such treatment, BA levels have
been demonstrated to be increased [16]. Even if it is with low incidence, our work could open
new perspectives to better understand such rare pathological cases.
This work highlights the urgent need to clearly define the molecular mechanisms driving
the deleterious impact of BAs on testis. Further studies will be necessary to better define the
pharmacologic or genetic modulations of different bile acid receptors during the treatment of
metabolic disorders in order to minimize the impact on male reproductive functions.
In conclusion, our study raises the question of the long term consequences of treatment
with BA derivatives. Thus it will be necessary to plan future experiments to define the potential
secondary impacts of the activation of BA signaling pathway as the use of derivates from BAs
as therapeutic molecules are proposed today (metabolic syndrome, cancer).
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S3 Fig. (A) Apoptosis in mice fed chow or HFD (n = 13 to 25 per group) analyzed by
TUNEL staining. The arrow indicates apoptotic spermatocytes. The original magnification
was X200. The number of TUNEL-positive cells per 100 seminiferous tubes. (B) Intra-tes-
ticular cholesterol, cholesterol ester, triglycerides levels in mice fed to HFD or HF-CA diet
2 months after the switch to HF-CA diet. (n = 19–25 per group). (C) Intra-testicular choles-
terol, cholesterol ester, triglycerides and glucose levels in mice fed to HFD or HF-CA diet 4
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